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INTRODUCTION 


P.  SWINGS 

Imtitut  d'Attrophytique  de  LUgt 

Au  oours  defl  vingt  ou  trente  demi^res  anndes,  I’dtude  des 
Mtrai  du  systdme  solaiie  a  fort  n4gligte.  Bien  sdr,  eUe  ne 
revAtait  pas  le  prestige  de  certains  autres  ohapitres  de  TAstronomie, 
oomme  I’^ude  dee  ndbuleueee  eztragalactiques,  de  la  struotnre 
dee  atmoephiree  et  intdrieure  d*4toilee,  de  la  ooemogonie,  de  la 
radio-aetronomie  ou  dee  souroee  d*6nergie  etellaire. 

La  situation  eet  en  train  de  se  modifier.  Gr&oe  auz  ▼dhioulea 
spatiauz,  nous  sommes  4  la  veiUe  de  d^oouvertee  importantea  au 
sujet  de  la  lune,  des  plan4tee  et  de  leurs  satellites  naturels,  du 
milieu  interplan4taire  et  des  oom^tes.  D  eet  indispensable  que  ces 
experiences  spatialee  soient  prepar6e8  aveo  le  maximum  d*effloaoit6, 
afin  que  nous  puissions  en  tirer  le  plus  grand  profit  sdentifiqne. 

n  nous  a  done  paru  utile  de  oonsaorer  notre  onzi4me  oolloque 
4  la  physique  des  plan4tee,  afin  que  nous  puissions  arriver  4  une 
mise  an  point  satisfaisante  du  probl4me.  Ce  projet  fut  disoute  4 
Berkeley  4  roooasion  de  I'Assembiee  Q4nersle  de  I’U.  A.  I.,  lots 
d’une  reunion  4  laquelle  avaient  bien  touIu  assister  quelqnes 
ool]4guee  specialises.  D  y  fut  decide  de  preciser  le  sujet  et  d’eiiminer 
lee  satellites  (y  compris  la  lune),  les  asteroldes,  les  cometes,  I’eepace 
interplauetaire,  la  cosmogonie,  les  probl4mes  biologiques,  les 
questions  d’orbitee.  Seuls,  lee  probiemes  physiques  relatifs  aux 
planetes  deraient  fitre  envisages. 

Le  Profeeseur  M.  G.  J.  Minnaert,  Directeur  de  rObservatoiie 
de  rUniverrite  d’Utreoht,  a  bien  voulu  accepter  la  preaidenoe  de 
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notra  11*  Oolloque.  Pendimt  toute  b  preparation,  il  now  a  bit 
proflter  de  aw  oonaeib  et  avb  oompetenta.  Cwt,  poor  luie  1ai;ge 
part,  i  lui  qu’eat  due  b  rdwaite  da  CoUoque.  Pendant  b  Congrb 
hd-rndme,  b  President  Minnaert  s’est  ddpenae  saw  compter. 
II  termina,  d’ailleurs,  en  beauM  en  now  resomant,  de  remar- 
quabb,  les  oontributiow  ewentielbs  de  b  rdonion.  Qu’il  bouve 
ioi  Texpression  de  notre  vive  gratitude. 

Now  remeroiow  awri  oordiabment,  be  auteum  dee  ezoellmito 
rappwta  intro.!  oocifs,  MM.  R.  Wildt,  A.  Doilfw,  C.  H.  Mayor, 
N  0.  van  de  Hubt  et  W.  Irvine.  L’luiditoire  oomprenait  be 
peraoi.iialitee  suivantee  : 

d’AUema^ne  :  W.  Ix>hmann,  H.  K.  Paetzold ; 
du  Breail  :  R.  R.  de  Frei^:>  '•  y  ourau  ; 
du  Canada  :  G.  Herzberg ; 
du  Congo  :  L.  Haeer  ; 

de  France  :  H.  Camichel,  A.  DoUfw,  P.  Gudrin,  M.  Marin,  J.  C. 
Pecker,  J.  Rdech,  G.  Wbriok  ; 

dee  £ltate-Unu  :  A.  Arking,  A.  H.  Barrett,  C.  H.  Barrow, 
R.  A.  Becker,  J.  C.  Brandt,  J.  W.  Chamberlain,  R.  E.  Damebon, 
W.  C.  De  Marcw,  J.  B.  Douglas,  G.  de  Vaucoubure,  L.  Dunkel- 
man,  R.  Galbt,  O.  K.  Garriott,  T.  Gehrek,  J.  S.  Goldstein, 
R.  Hide,  P.  Hodge,  G.  R.  Huguenin,  H.  C.  Ingrao,  M.  W.  Irvine, 
J.  B.  Irwin,  G.  P.  Kuiper,  B.  Leason,  E.  Levinthal, 
R.  J.  Levy,  A.  J.  Maaby,  C.  H.  Mayer,  D.  H.  Menzel, 
Miss  B.  Middbhuiet,  R.  F.  Mlodnosky,  D.  Morris,  G.  W.  F.  Mul¬ 
ders,  R.  B.  Norton,  G.  Ohring,  J.  M.  Pasachoff,  S.  I.  Rasool, 
M.  S.  Roberts,  C.  Sagan,  G.  F.  Schilling,  W.  M.  Sintoa, 

A.  G.  Smith,  H.  J.  Smith,  H.  I^xinrad,  H.  E.  Suess,  J.  Swwason, 
L.  Wallace,  J.  W.  Warwick,  R.  D.  Williams,  A.  T.  Young. 
R.  L.  Younkin ; 

de  Grande  Bretagne  et  dlrbiMb :  R.  Beer,  E.  H.  CMBnson,  G.  1^- 
der,  H.  A.  Gebbb,  J.  F.  Grainger,  J.  V.  JeUey,  W.  H.  MeCkaa, 

B.  Opik,  B  M.  Peek,  D.  W.  N.  Stibbe. 
de  Grkw  :  J.  H.  Fooas ; 


10 


de  HolUnde  :  M.  O.  J.  M<nn«eii>  C.  J.  SdiwurnuuM,  H.  C.  vwd  de 
Hakt ; 

d’ltolie  :  F.  Bertdft,  Q.  O.  ; 

do  Japon  :  M.  Shimisu ; 
de  Suiase  :  B.  Mieeobw ; 
de  Tohdooalovaquie  :  F.  Link  ; 

d’U.  R.  S.  S.  :  M.  S.  Bobrov,  A.  D.  Kusmin,  D.  Y.  liartynov, 
V.  V.  SharonoT. 

de  Belgique  :  S.  Arend,  M**  D.  Boonan-Ckeipin,  A.  Bouiy, 
R.  F.  Courtoy,  R.  Contzes,  F.  Daooe,  L.  Delbouille,  A.  Del- 
■emme,  M***  D.  Delaemme-Jehonlet,  J.  Depiteox,  J.  Domman- 
get,  F.  Doflon,  R.  Duyainx,  L.  Ganaaet,  0.  Godait,  N.  Ore- 
veaso,  C.  Guillaume,  L.  Housiauz,  J.  Humblet,  A.  Koe- 
kelenber^ii,  P.  Ledoux,  D.  Malaiae,  M.  Ifigeotte,  A.  Monfila, 
M.  Nioolet,  F.  Remy,  M***  L.  Remy>Battiau,  H.  Robe, 
G.  Roland,  Roaen,  M.  Ruelle,  A.  Sauval,  M.-J. 
Sequaria,  V  Swinga,  R.  Zander. 

Lea  diac'.,.-  •  .;ta  mitro  lea  thforidena,  lea  exp^rimentateura  et 
lea  obaervaleuit)  utiliaant  dee  m^thodea  tr^a  diveraea  ont  tr^ 
fi-uttueusea.  Nona  lea  avona  rteum^ca  conune  dana  lea  volumee  dea 
ooUoquu  ant^rieura. 

C’eat  4  nouveau  Madame  D.  Boaman-Creapin  qui,  ai«4a  av(w 
la  cheville  ouvritoe  de  I’cHganiaation  du  C!olloque,  a’eat  obarg^e 
du  travail  d’<id:(ion  du  pr^aent  volume.  C’eat  le  neuvi^me  volume 
publM  par  aee  aoina.  Noua  lui  exinimona  notze  vive  reoonnaiB- 
aante. 

The  11th  International  Aatrdphyvinal  Sympoaium  waa  apon- 
aored  by  tiie  Univeraity  of  Li^e  and  by  tlm  Cambridge  Reeearoh 
Laboratmiea  of  ^  Office  of  Aeroapaoe  Beaearoh,  United  Statea 
Air  Force,  tiirough  Ita  European  Office.  We  wiah  to  exi»eaa  to  them 
our  most  stnoere  gratitude. 
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THE  INTERNAL  CONSTITUTION  OF  THE  PLANETS 


1.  -  PLANETARY  INTERIORS  ;  INTRODUCTORY  REPORT 

Runoff  WILDT 
YaU  Vniiveraity,  U.  S.  A. 

It  seems  fair  to  say  that  astrophysicists,  since  relegating  to 
the  classical  astronomer  the  gravitational  aspects  of  planetary 
astronomy,  have  been  rather  indifferent  about  the  Earth  as  a  planet 
and  its  kin,  at  any  rate  in  so  far  their  internal  constitution  is 
concerned.  Indeed,  what  we  know  of  the  chemical,  thermal,  and 
magnetic  state  of  the  Earth’s  interior  we  owe  to  the  geodesists, 
seismologists,  uid  geophysioiste,  whose  strategy  has  set  an  example 
how  to  attack  analogous  problems  in  studying  other  planets. 
Nevertheless,  among  astrophysicists  —  met  for  the  first  time,  if  I  am 
not  miHtaken,  to  consider  the  physios  of  the  planets  —  it  is  fitting 
to  introduce  the  discussion  of  planetary  interiors  by  glancing  at 
what  the  theories  of  planetary  and  stellar  constitution  have  in 
common,  and  what  sets  them  apart.  The  common  traits  are  rooted, 
of  course,  in  the  identity  of  the  primary  laws  of  phyrioo  ruling  the 
mechanical  and  thermal  equilibrium  of  masses  both  of  stellar  Mid 
planetary  order  magnitude.  Merited  differences  of  secondary 
nature  are  due  to  the  less  tractable  behavior  of  matter  in  the  solid 
and  liquid  state,  which  we  presume  to  be  realised  throughout  the 
bulk  of  planetary  matter.  Little  is  known  about  the  propertiee  of 
wholly  gaseous  bodies  of  planetary  sise,  now  under  investigation 
by  Prof.  Opik,  from  whom  we  shall  hear  later  on.  Irrespective  of 
their  relevance  to  particular  planets,  such  models  and  more  massive 
ones,  bridging  the  gap  between  planets  and  dark  stellar  companions, 
command  interest  because  they  would  populate  a  void  in  the  other¬ 
wise  well-charted  domain  of  stellar  configuraticms. 

In  order  to  do  justice  to  the  precision  attained  in  measuring 
the  figure  and  the  gravitational  potential  of  some  planets,  tile  theory 
of  rotating  bodies  had  to  be  carried  far  beycmd  what  as  y^  is 
required  for  application  to  stars.  No  loss  is  incurred  by  here  ignorii^ 
these  refinements  and  focusing  attention  uprm  tiie  steady-state 
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diaracteristioa  of  a  dowly  rotating  plmet  withoot  mtemil  ooii> 
▼eotion,  since  the  latter  will  be  dtsoosaed  by  Prof.  Kopal.  A  flow 
diagram  descending  from  the  expressions  for  the  pressure  and 
temperature  gradient,  in  the  notation  familiar  from  the  theory  <3f 
stellar  interiors,  affords  a  condensed  representation  of  fhe  theore¬ 
tical  concepts  and  empirical  data  singled  out  for  consideration. 
Such  a  graph  (Fig.  1)  exhibits  more  dearly  tlum  lengtiiy  discourse 
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many  ramifications,  the  dhreiging  lines  of  argument,  and  Iheir 
confluence.  The  following  rematlu  will  supplement  my  earlier 
review*  by  pointing  to  recent  advances.  The  prindpal  ones  are 
the  impressive  perfection  of  the  art  of  experimentation  with  pres¬ 
sures  matching  those  encountered  deep  below  the  surface  of  the 
planets,  and  the  recognition  of  radiative  transfer  as  a  possibly 


(*)  «  Fboetary  Intenon  »,  pp.  159-212,  VoL  m  of  Hie  Solar  System, 
G.  P.  Kuiper,  Ekiitor,  Univenity  of  Chisago  Press,  1961.  No  letesnoes  listed 
in  the  bibliogn^diy  attoobed  to  that  chapter  will  be  repeated  at  the  sad  of 
this  p^wr. 
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oiritioal  meohanism  lowermg  the  internal  temperature  gradientB. 
I  shall  conclude  with  a  simple  argument,  of  the  type  often  called 
dimensional  analysis,  which  bears  upon  the  shape  of  the  asteroids. 

MasS‘Rai>iu8  Bkultion  or  Placets 


If  the  dependence  on  temperature  of  the  equation  of  state  is 
so  weak  that,  in  zero-order  approximation,  it  may  be  neglected, 
the  equations  of  hydrostatic  and  thermal  equilibrium  become 


Rodius 

Fig.  2 
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tmooupled.  Foi  unj  girea  pressure-dMwity  relation  p  »  p  (P,  C), 
where  G  is  a  shorthand  for  the  ohemioal  parameters,  the  eqaatton 
of  hydrostatio  eqtiilibritim  can  then  be  integrated  numerioatty.  The 
resulting  mass^radins  relation  for  spherical  oonfigurations  of  solid 
pore  hydrogen  (DeMarous)  is  shown  in  Fig.  2  (scale  unit  of  radii 
10*  cm),  which  iUustrates  the  existence  of  a  maximum  radios  few 
a  cold  body,  often  referred  to  as  Rosaell’s  conjecture  ;  the  traminal 

IMSTABIUTY  OF  SMALL  CORES  OF  R0TAT»JG  PLANETS 

LighthilldOSO)  —  D*Morcus(l954) 

pressure  -  density  rekitiofl  with  single  ptnse  transition 
/•/>(P).  PsP- 

instoUty  critenon 
^*^’4rGp,(Pe)' 

rodsis-mass  rek)tx>n  triple-voliied  over  o  finte  mass  ru.ye 

mass  M(R,)  >  MiRy)  •  M(R,) 

radius  R,  <  R*  <  R* 

total  energy  EIR,)  <  E(Rj)  >  E\R,) 

configuration  R,  hos  core  of  high  pressure  phase,  Ry  has  no  core 

Fig.  3 


point  at  the  upper  left  side  of  this  graph  ia  the  Chandrasekhar  limit. 
In  the  hatched  area  of  Fig.  2  the  course  of  the  mass-radius  graph 
cannot  be  dearly  shown  to  this  sede.  In  that  mass  range  tlw 
hydrostatic  equilibrium  has  triple-valued  solutums.  This  inde- 
tenninaoy  (of.  Ilg.  8)  is  caused  by  a  dkwontinuity  ({duuse  taransitiati) 
in  the  adopted  prossure-dwisity  relation  for  sdid  hydrogen.  The 
resulting  instability  of  small  planetary  cores  (Ramsey)  has  been 
^  il!/  diitinfflfT*d  iu  my  earlier  review.  We  shall  have  a  report  by 
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Firof.  DeMuom  on  the  mMa>radiiu  lelntknie  fw  oonfigontione 
of  pare  helium  end  for  e  miztiue  of  heavier  elemente,  oalled  «  Hud  >, 
which  shed  some  lig^t  on  the  constitution  of  Uranus  and  Neptune. 
l%ioe  the  maas>radios  graph  of  helium  runs  far  to  the  left  of  that 
of  hydrogen,  on  Fig.  2,  the  location  of  the  image  points  of  Jupiter 
and  Saturn  indicates  that  these  bodies  are  jnedominantly  composed 
of  hydrogen. 

TEMPERATURE  PC) 


0  I00e00  300  400  500  «00  700  s00t00  WOO 

DEPTH  (KM) 


PoLTiunninc  or  Boom 


The  eqnetkMi  of  state  a(  olmoet  any  ehemioally  hcnnogeneous 
■oUd  diffm  strikingly  bom  that  of  its  gaseous  form  :  the  density, 
os  function  of  pressure  and  temperature,  changes  discontinuously 
across  oertoln  P,  T-Unes  that  demarcate  the  fidds  of  thermodynamic 
stahility  of  what  ore  called  the  several  phases  6t  tiie  solid.  These 
have  distinct  crystal  structures  and,  under  extreme  pressure, 
may  even  difE»  in  ejectronic  excitatitm.  lltere  are  also  phase  tran- 
aiticma  with  a  discontinuity  in  the  derivative  of  the  density  (seoond- 
<Mtder  transitions)  instead  of  the  density  itself  (first-order  transitions). 


mcstuae  iksam) 


It  is  still  au  opeu  question  whetiier  or  not  progressive  pressure 
ionisation  is  aoccHuponied  by  first-cnder  jdiase  transitions,  the  <mly 
ones  capable  of  engendering  the  Ramsey  type  imdability  of  plane¬ 
tary  cores.  Examines  of  phase  tnunritkms  rdevant  to  tiie  state  of 
tiie  Earth’s  mantle  are  given  in  Fig.  4  aikl  6  (McDonald  1962). 
An  interesting  ease,  thoui^  ot  no  geophysioal  ooraequence,  is  a 
troositMm  in  metaUio  oerinm  (Fig.  6),  where  the  coexistent  phases 
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bekng  to  the  lame  or7ft4llognq[>hio  agrrtem,  but  differ  in  latttee 
qtaoing. 


CUeC-CONDENSED  CUBC  TRANSmON  N 


Fig.  6 

Liquid  PHAsas  and  Mu  rnio 

All  phane  of  o  ohemioidly  homogeneous  solid  tom  on  melting 
(4  first-order  phase  traositioD) into  tiie  same  liquid  phsse.  Immkdble 
liquid  phases  are  known  hi  chemioally  inhomogeneous  qrstems,  but 
so  fSsr  have  not  been  enoovntered  among  pure  substances.  Landau 
Aixi  Zeldovioh  have  sum^ised  that  pure  liquid  metals  at  high 
temperatures,  close  to  the  critioal  point  liquid-v^or,  mif^t  undmgo 
a  transfOTmation  into  a  dkieotiic  liquid  phase  (of.  Fig.  7).  Liquid 
conductive  cores  are  required  in  idaoets  for  tlm  genmatkm  of 
magnetio  fidds,  according  to  the  dynamo  theory.  Mmreover  liquid 
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bekmg  to  the  eeme  eryitallognphie  tyvtem,  but  diffar  in  Inttioe 
ipadiig. 


CUK-CONDENSEO  CUeC  TIUNSmON  N  CERUM 


Fig.  6 

Liquid  Phabm  Ain>  Mslxdto 

All  phaaes  of  a  ohemioally  homogeneous  solid  tom  on  mdting 
(a  first-order  phase  toaosition)  into  the  same  liquid  phase.  Immiscible 
liquid  phases  are  known  in  ohemioally  inhomogeneous  systems,  but 
so  far  have  not  been  encountered  among  pure  substances.  Landau 
n-nrl  Zeldovich  have  surmised  that  pure  liquid  metals  at  high 
temperatures,  close  to  the  oritioal  point  liquid-vapor,  might  undergo 
a  transformation  into  a  dielectric  liquid  phase  (cf.  Fig.  7).  Liquid 
conductive  cores  are  required  in  planets  for  the  generation  of 
magnetic  fields,  according  to  the  dynamo  the(«y.  Moreovw  liquid 
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fnotion  affords  a  much  more  efficient  mode  of  dissipation  of 
rotational  energy  than  solid  inotion  or  other  mechanisms.  Therefore 
considerable  interest  attaches  to  the  variation  of  the  melting 
temperature  in  the  deep  interior  of  the  planets.  Simon’s  semi- 


L.Londou  and  J.Zsld(wlch,  Acto-Phyiicochsmicc  U.RS.S.  18,194(1943) 
“On  (he  fetation  between  the  Nquid  ond  goseous  stole  of  metols" 


trivloieaatithtohnM  boundary  dMoctric-motaMc  (attumod  fint-ordor  fromition 
coinddM  with  Hw  oquilibrium  curvo  vopor -liquid) 


QflPiiriva  CWSL  0  now  *fipto  poinf  T,  may  oppaar 


Landau -Zatdovicb  conitcim(coM  IB):  •Mts  a  non-conducting  liquid  phoM; 

at  lumparoturos  and  prtuuros  obovt  the  critical  voluts  o  phoM  b-onsiNon  with 
discontinubus  ctxmge  of  conductivity, votuine,otc., tokos  ploco 

Fig.  7 


empirical  equation  (Fig.  S)  has  been  widely  used  to  extrapdate 
experimental  melting  data.  Before  such  were  available  for  iron 
(Strong  1959,  cf.  Fig.  9),  guesses  at  the  constant  c  by  Simon,  and 
Gilvarty,  had  led  to  overestimating  the  melting  temperature  of 
iron  at  the  boundary  between  mantle  and  core  of  the  Earth  (about 
1.4  X  10*  atm,  marked  on  Fig.  9).  Moreover,  Simons’  formula 
oMtMfies  a  monotonic  rise  of  melting  temperature  with  pressure. 
A  startling  exception  is  the  melting  curve  of  cesium  metal  (Kennedy 
et  al.  1962,  of.  Fig.  10),  which  shows  two  maxima  and  two  cusps. 
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PRESSURE  DEPENDENCE  OF  MELTING  POINT 


Simon's  squation  Tm* 

I  6y  +1 

Gilvarrys  relation  from  Debye  theory  of  solids  c  = 

Griineisen  ratio  y  =  "  ^  (if  )p(‘^)t 


EXPERIMENTAL  CONSTANTS 

T(»K) 

qto^nt) 

He(Ougdole  and  Simon  1953) 

0.992 

16.45 

0.992 

Ht(Oe  Marcus  1958) 

13.96 

242.24 

1.83 

Fe  (Strong  1959) 

1805 

75P00 

(±5,000) 

8 

(±1) 

Ni  (Strong  I960) 

1726 

40P00 

(±5000) 

10 

(±1) 

Fig.  8 
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At  the  pressures  of  the  latter  solid  oesium  is  known  to  undergo 
phase  transitions  tentatively  attributed  to  changes  in  the  electronic 
configuration  of  the  atom,  which  at  zero  pressure  has  an  incomplete 
inner  shell.  Another  disturbing  case  is  germanium,  which  lacks  an 
incomplete  iimer  shell  of  electrons.  The  melting  temperature  of 


this  metal  continues  to  decrease  up  to  about  170.000  atm.  without 
a  new  solid  phase  appearing  when  the  melting  temperature  begins 
to  rise  again.  Under  these  circumstanoes,  one  cannot  accept  without 
some  misgivings  the  drastio  extrapolation  of  the  melting  curve  of 
iron.  Finally,  what  remains  in  doubt  is  the  asymptotic  behavimr  of 
the  melting  curve.  Does  it  terminate  in  a  critical  pointf 
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TsiCPKUTUEa  OBABISIIT  AKD  RaDLITIVII  TRANSraB 

Undoubtedly  in  stellar  interiors  the  transport  of  heat  by 
conduction  is  negligible  beside  that  by  radiation,  but  it  must  not 
be  assiuned  that  the  converse  regime  prevails  inside  the  planets. 
Following  a  suggestion  of  Preston  (1956)  on  the  possibility  of 
radiative  heat  transfer  in  the  Earth’s  mantle,  Clark  (1667  a), 
Lawson  and  Jamieson  (1968),  and  Lubimova  (1968)  have  concurred 


DEPTH  (KM) 
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that  tiiis  mechanism  madcedly  lowers  the  temperature  gradiant, 
attiiough  thdr  numerical  results  still  dififor  in  orders  of  magnitude. 
Aooordmgly,  modek  of  planetary  temperature  distributions  and 
their  evolution  that  do  not  include  the  effects  of  radiative  transfer 
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now  Btuid  in  need  of  oeiefnl  reexeininetion.  Definitive  wmolodone 
oennot  be  leeofaed  until  the  oorrent  eetimntee  of  planetaty 
opedty  (Roaeelend  mean)  have  been  replaced  by  reliable  figuree. 
The  nnoertidnty  of  the  index  of  refraction,  wboee  square  appears 
in  the  expression  for  the  temperature  gradient  (of.  Fig.  1)  by  way 
of  Kirohhoff’s  law,  probably  is  not  serious,  dark  (19S7b)  measured 
at  room  temperature  a  few  absorption  spectra  of  silicates  pre¬ 
sumably  occurring  in  the  Earth’s  mantle ;  but  no  corrections  for 
temperature  and  pressure  are  available,  and  the  beet  one  can  do  is 


to  iail  back  on  the  olaseicel  relation  between  eleotrioal  omidnotivi^ 
and  optical  absorption  coeflicient.  Evidentiy  it  will  be  a  long  time 
before  the  variation  of  tqMeity  with  depth  in  the  jdanet  can  properly 
be  taken  into  account.  For  the  purpose  of  preliminary  orientBUon 
it  may  suiBoe  to  put  xp  »  ocmet  throughout  the  planet,  a  {urooedore 
adopted  by  MaoDonald  (190S ;  N.  B.  c*  is  used  as  symbol  for  the 
quantity  xp,  in  the  standard  notaticm  of  the  tiieocy  of  stellar 
inteckne).  He  has  derived  the  temperature  dtatribntions  for 
numerous  models  of  terrestrial  idenets,  in  whidi  c«  ranges  frmn 
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1000  om-^  to  10-^  Fig.  11,  12  and  13,  taken  from  hia  work,  wiU 
give  some  idea  of  how  the  temperature  gradient  is  lednoed  by  lower¬ 
ing  the  opacity  (the  limiting  ease  of  infinite  opacity  oonreaponds 
to  ignoring  radiative  transfer). 

Shap>  or  MINOR  Bodiis 

Obviously  self-gravitation  of  a  sufficiently  small  maw  cannot 
overcome  the  intrinsio  strength  of  scdids.  Hence  there  must  be  a 
minitniim  size  of  configurations  assuming  spherical  shape  under 
their  own  gravitation.  Now,  yield  or  fracture  of  materials  occurs 
under  a  tension  or  load  of 

8  <  10*  g  cm“*  setr*. 

If  this  quantity  is  matched  by  tiie  weight  of  a  column  of  unit 
cross-section,  of  density  p,  and  lengtii  L, 

8  =  L  p  p,,  g,  ~  10*  cm  sec-*,  p  ^  1  g  cm-*, 
the  oharaoteristio  length  is,  on  Earth, 

L  <  10  km. 
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StamoturM  exceeding  thie  bdght,  lay  mountaine,  would  be  in 
danger  of  yielding  under  their  own  weight.  Op.  s  plenet  of  radiue  B 
and  mean  density  p  the  acceleration  of  lurfkoe  gravity  it 
p(R)/g,  (R/R,)  (p/p,),  p,  -  6.6  g  cm-» 

and  the  correeponding  oharacteristio  luigth  is 

MR)  “  p-^  <  [1®  (Ra/R)  (Pa/p)- 

We  now  aek  :  what  is  the  critioid  radius,  say  B*,  for  which  L(B) 
equals  the  planetary  radius  Bl  The  numerical  result  u 

R*=.[260km]  Vpi^, 

or,  if  the  mean  density  of  the  planet  is  that  of  tiie  denser  rocks, 

R*  ~  400  km, 

i.  e.  the  very  sixe  of  the  largest  asteroids.  Thus  we  find  support  few 
another  conjecture  Henry  Norris  BusseU  made  many  yean  ago  : 
« In  the  case  of  sudi  small  bodies  the  gravitational  forces,  which 
compel  a  large  planet  to  be  nearly  spherical  in  form,  would  be 
relatively  inefficient,  and  it  is  not  impossible  that  some  of  tiiem 
may  be  of  irr^pilar  shape  »  (Bussell  1924). 
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2.  —  THE  EFFECTS  OF  CONVECTION  IN  THE  MANTLE 
ON  THE  GRAVITATIONAL  FIELD  OF  THE  EARTH 

ZoBNta  KOPAL 

Dtfortmtnt  oj  Athmiamy,  Vnivtrtity  of  MemehoHor,  England 

and 

Jet  PropuUion  Laboratory,  Oaiifomia  InsHiute  of  Technology,  U.  8.  A. 

Reoent  atuJyaes  of  aeoular  pAiturbations  of  artificial  Earth 
satellitea  (^)  have  revealed  the  extent  to  which  the  terrestrial  globe 
departs  fix>m  a  figure  of  equilibrium  determined  by  its  axial  rotation. 
In  particular,  if  the  internal  distribution  of  density  inside  the  Earth 
as  deduced  predominantly  by  seismic  evidence  (c.  f.,  e.  g..  Sullen  (*) 
and  other  standard  sources)  is  adjusted  for  the  thMtetioal  (equili* 
brium)  coefficient  of  the  dominant  second  harmonic  of  polar 
flattening  to  agree  with  the  observed  perturbations  (i.  e.,  the  «  dyna* 
mical  elliptioity  >),  tlm  corresponding  equilibrium  coefficient  of  the 
fourth  harmonic  of  rotational  origin  is  found  to  be  2.2  times  as 
large  as  that  deduced  firom  the  satellite  observations  (*) ;  and, 
moreover,  all  odd  harmonics  whose  presence  has  been  established 
in  the  exterior  potential  of  the  Earth  (*)  remain,  of  course,  wholly 
unaccounted  for. 

This  failure  of  the  equilibrium  model  to  provide  for  adequate 
rejnesentation  of  the  Earth’s  external  gravitational  field  suggests 
the  desirability  of  considering  a  more  general  hydrodynamioal 
model  for  tile  interior  of  the  terrestrial  globe ;  and  the  likeliest  cause 
of  motion  which  may  adgnificantly  affect  the  distribution  of  density 
inside  the  Earth  is  thermal  convection  due  to  radiogenic  heating  — 
not  only  in  the  core,  but  also  throughout  the  mantle.  The  necessary 
conditkm  for  tiie  occurrence  of  convection  —  the  superadiabatio 
temperature  gradient  —  appears  to  obtain  even  for  the  mbiiwiHm 
estimates  of  tiie  inropOTtion  of  radioactive  elements  (K**,  'Hi*'*,  U*** 
and  n***)  in  tite  mantle ;  and  even  a  viscosity  as  high  as  10**  g/om. 
sec  fltequentiy  quoted  as  tiw  upper  limit  for  terrestrial  rooks  (*)  is 
suffidmit  (for  ooeffidents  of  isothermal  omnpression  of  the  order  OE 
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lO-u  «m*/<lyne)  ^  ^  auuitfe  to  bdiav«  eaniitiaUjr  m  a  fluid  ovet 
a  mudi  shorter  time  soafe  tium  10*  yean. 

The  conditions  for  the  stability  of  convection  characterized  by 
a  given  spherical-harmonic  symmetry  (of  even  as  well  as  odd  orders) 
were  recently  investigated  by  C?handraaekhar  (*)  for  incompressible 
flow  in  liquid  q>heres  (or  shells)  radioactively  heated  within  ;  and 
several  geoph^cal  phenomena  —  such  as  anti-symmetric  distribu¬ 
tion  of  continents  and  oceans  (*),  or  indications  of  continental 
drift  (*)  —  suggest  that  slow  convection  in  the  mantle  of  the  Earth 
may  indeed  occur  (*).  Let  us,  therefore,  tentatively  adopt  a  hypo¬ 
thesis  that  the  observed  coefficients  of  odd  harmonics  (as  well  as 
the  difference  between  the  observed  coefficient  of  the  fourth  hu- 
monic  and  one  computed  on  hydrostatic  equilibrium)  in  the  gravi¬ 
tational  field  of  the  Earth  do  arise  from  thermal  convection  in  the 
Earth’s  mantle  as  represented  by  Chandrasekhar’s  theory.  What  is 
the  velocity  of  convection  (or  the  corresponding  variation  of  density 
or  temperature)  necessary  to  account  for  the  observed  charact¬ 
eristics  of  the  external  gravitational  field  of  the  Earth  in  this 
manner? 

In  order  to  answer  this  question,  let  us  recall  that,  in  accor¬ 
dance  with  Chandrasekhar’s  theory  (and  using  largely  his  notations), 
the  radial  velocity  component  U.  of  convective  motion  in  a  shell  of 
the  radii  i)B  and  B,  varying  as  a  surface  harmonic  (6, 9),  should 
be  given  by 

u,  =  -^s:(0,9).  (1) 

where 

W,(r)  =  A,{  «,-**-•*  •+%(«»*) 

-f  a^*B|  -(-  -)-  ar<"-‘>B4}  ;  (2) 

X  a  r/R  being  the  firactional  radiitt  comprised  between  n  and  1 ; 
and  A,,  the  arbitrary  scafe  oonstonte.  In  tins  equaticm. 
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Zi  being  first  root  of  the  equAtion 

and  (provided  that  the  outer  boundary  of  our  sphorioal  shell  at 
«  =  1  is  firee),  the  constants  on  the  right-hand  side  of  (2)  are 
obtained  by  solving  the  simultaneous  set  of  linear  equations 
Bj  4-  B,  -f-  B4  =  0, 

t)»Bi  +  t)»+*B,  +  7i-<'*+*>B,  -f-  >)-<•-»)  B«  =  0,  (6) 

(<t  \ 

n(n- 1)  (Bj  4-B4)  +  (»  +  !)(»  +  2)  (B,  +  B.)  - - 

(Jfl  "T  3)  0^1 

and 

n(n— 1)  (r]"-*B,  -f  i(}-"-»B«)-f  (n-f-1)  (n-f2)  (r)*B,-|-i(j-"-*B, 

_ »+»/,  (»i'>l) 

(2n  +  3)  a* 

if  the  inner  surface  at  x  ==  1  is  free,  or 

n>)»-»Bi  -f-  («  +  2)B,  —  (n  4-  l)Tf»-*B,  —  (n  —  1)  t)-"B4 

^  »**it  (*i^)  ,wj\ 

(2n  -f  3)  *j 

if  it  is  rigid. 

The  mean  radius  R  of  the  Earth  is  equal  to  6371  km  ;  and  the 
radius  of  its  liquid  core  iqR  =  3473  km  leads  to  tj  =  0.546 — approxi¬ 
mately  half  way  between  t)  =  0.5  and  0.6,  for  which  Chandrasekhar 
and  Elbert  (***)  evaluated  the  roots  «,  of  equation  (4)  for  dififerent 
values  of  n  with  the  following  results  : 


I.  Tablb  or  THX  Boots 


i 

1  n  «  2 

1 

n=  3 

1  n  =  4  j  n  =  6  j 

1  i  1 

1 

1  n  »  6 

1 

1)  ■>  0.0 

1 

7Jiie 

7.8400 

1 

8.7168  1  9.6820 

10.7077 

t|  =  0.6 

8.4428 

8.9918  i 

9.6717  i  10.4062 

114210 

Tim  constants  Bf  {j  =1,2,3  and  4)  as  defined  by  tiie  system 
of  equatums  (6)  and  (6)  or  (7)  have  been  evaluated  by  Mrs.  Natioa 
Oreer  and  Mrs.  Gail  Lambert  of  the  Division  of  Space  Seimoee, 
J.  P.  L.,  and  thmr  numerical  values  are  ; 
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II.  TaBLB  or  THX  ComTAMTB  ^ 


10*8, 

1  10»B, 

j 

10*B, 

10*B4 

free  Swfaee  at  x 

=  1 

t)  B  0.6 

11  »  0.6 

—1.6662 

—0.7204 

1  n=--i 

1  4.1301 

1.8691 

1 

0.8477 

0.6467 

—3.3116 

—1.7864 

1]  ■=  0.6 

1)  =  0.6 

{  1.6022 

1  0.8076 

n  —  3 
—2.1931 
—1.1706 

—0.2080 

—0.2210 

0.7989 

0.6839 

1)  —  0.6 

1)  -  0.6 

1 

1 

—1.0166 
— 0.6M8 

n  -  4 
1.1716 
0.7299 

1  0.06368 

0.07861 

—0.2087 

—0.2086 

1|  s:  0.6 

11  =  0.6 

0.6016 

0.4066 

n  -  6 
—0.6441 
—0.4649 

—0.01447 

—0.02867 

0.06704 

0.07691 

11  =  0.6 

1)  =  0.6 

—0.3661 

—0.2689 

n  «=  6 
0.3683 
0.2872 

0.004106 

0.01064 

—0.01629 

—0.02896 

Bigid  Surface  at  x 

-  >) 

1)  =  0.6 

11  >>  0.6 

6.9491 

0.1884 

n  =  2 

2.4611 

1.6962 

2.6267 

0.9106 

—10.9269 

—2.6942 

11  ■■  0.6 

11  ™  0,6 

1.4378 

—1.6767 

n  —  3 
—2.1632 
—0.1220 

—0.2478 

—0.9866 

0.9633 

2.7363 

11  »  0.6 
11-0.6 

—0.2487 

—2.0079 

n  —  4 
0.9810 
1.2244 

0.2441 

—0.4160 

—0.9766 

1.1996 

i|  —  0.8 
11-0.6 

0.3408 

0.03214 

n  —  6 
—0.6790 
—0.3213 

—0.07967 

—0.1622 

0.8188 

0.4618 

11  —  0.6 

11  -  0.6 

—0.2669 

—0.1110 

»  —  6 
0.8467 
0.2298 

0.02666 

0.06690 

—0.1066 

—0.1867 
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With  the  aid  of  the  foregoing  numeriot*i  data  we  can  now 
proceed  to  compute  the  absolute  values  of  the  expressions  (2)  for 
Wn  —  apart  from  the  multiplicative  factors  A„  which  remain  arbi¬ 
trary.  Let  us  attempt,  in  what  follows,  to  determine  them  from 
known  values  of  the  coefficients  of  the  harmonic  expansion  of  the 
exterior  potential  V  of  the  Earth,  which  may  be  due  to  this  cause. 
In  order  to  do  so,  let  us  recall  (cf.,  e.  g.  section  II-l  of  (^‘)  and  nota¬ 
tions  used  therein)  that  the  n-th  term  of  the  harmonic  expansion 
of  V  can  be  theoretically  represented  by 

V„  =  Gr-"-‘  J  Pn(cos  yY^dm  (8) 

where  G  stands  for  the  constant  of  gravitation, 

eos  Y  =  cos  6  cos  0'  sin  6  sin  0'  cos  (9  —  9'),  (9) 

and  the  element  of  mass 


dm  —  p'r'*  sin  6  dr'  dO'  d(f'.  (10) 

In  so  far  as  the  perturbations  p'  of  density  are  due  to  thermal 
convection,  then  within  the  framework  of  Chandrasekhar’s  theory 


p'  =  -  apo  en(r')  s:(e',  9'), 

" "  WTtGxpoRv  n{n  -f  1)  \/x’ 


(11) 


where  po  denotes  the  equilibrium  density  (in  the  absence  of  convec¬ 
tion)  and  R,  the  radius  of  the  Earth  ;  while  a  is  the  coefficient  of 
volume  thermal  expansion  ;  and  g,  the  coefficient  of  viscosity. 

Imposing  on  (8)  the  limits  of  integration  appropriate  for  a 
shell  of  thickness  (1  —  i])  R  we  find  that 

AT-  _  *PoGR"+*f^ 

"  r>M-l 

•'o  *^0 

which  by  virtue  of  the  orthogonality  theorem 

nP,(cos  y)  s;r{6'.  «p')  8in  Q'db'dtf’ 
can  be  simplified  to 


0(x')P„(ooe  y)SJ(0',  9')x'»+*dx'8in  e'd0'd9' 

(12) 


2n-f-  1 


S:(0, 9)  (13) 


V»  =  - 
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On  the  other  hend,  King-Hele  and  other  inveshigatcm  ci  the 
gravitational  field  of  the'Earth  (^*)  have  formally  rejneaented  its 
external  potential  in  the  form 

V,  =  G  j  1  -  2  •^•(7)"  ^  j* 

where  -np^R*  is  the  mass  of  the  Elarth,  and  the  J^s  are 
3 

appropriate  coefficients  (*)  whose  values  can  be  deduced  from  obser* 
ved  secular  perturbations  of  the  orbits  of  eutifioial  satellites.  Equa> 
ting  (14)  with  (15)  we  find  the  constants  J.  and  A«  to  be  related  by 
J,  =  ae(p,R/x)*C,A,F,(T()),  (16) 

where  c  denotes  the  rate  of  energy  liberation  per  unit  mass  ;  x,  the 
coefficient  of  heat  conduction  of  the  rooks  in  the  mantle  ;  C,,  the 
specific  heat  of  such  material  at  constant  volume,  and 

(L  r.)-c. 

where 

9k*p 

is  the  nondimensional  Rayleigh  number  oharaoteristio  of  a  flow 
pattern  of  the  spherical-harmonic  symmetry  of  order  n. 

According  to  Chandrasekhar  (of.  Table  XXII,  p.  246  of  (^*)) 
the  oharaoteristio  values  of  the  Rayleigh  numbers  C„  are  as  given  in 
the  following  tabulation  ; 

in.  Tabus  of  10-% 


I 

no  S 

n-3  i 

i 

n-4  j 

1 

1 

n  5 

mm 

11  ■«  0.6 

>  1 

2.181 

1.M4  j 

2.146 

2.673, 

3.4M 

7)  -  0.6 

6.138  1 

4.424 

4.076  1 

4J13 

4.M6 

(*)  Not  to  be  oonfliaed  with  the  Bessel  ftmethsos  Jy(«)  of  eqoatioa  (3). 
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and  the  function  Fn(')Q)  ^  defined  by  equation  (17)  above  has  been 
evaluated  by  quadratures  of  Mrs.  Patricia  Conklin  of  the  Division  of 
Space  Sciences,  JPL,  with  the  following  results  : 


IV.  Table  or  10*F,(ti) 


n  =  2 

HM 

mm 

B 

j  n  =6 

>1  «=  0.6 

16.64 

1 

1  1 

—5.170 

1.700  , 

1 

—0.6893  j 

1 

0.2016 

1)  »  0.6 

3.316 

—1.337 

0.6626 

1  —0.2448 

0.1130 

Let  us,  furthermore,  assume  for  the  purpose  of  our  discussion 
that  the  behaviour  of  rocks  in  the  terrestrial  mantle  is  characterized 
by  the  following  mean  values  of  physical  parameters 


a  =  2  X  10"*  deg"*, 

C,  =  7  X  10*  erg/g.  deg, 

X  =  2  X  10*  erg/cm.  sec.  deg, 
c  =a  2  X  10"*  erg/g,  sec. 

while  the  mean  density  p,  in  the  mantle  is  approximately  4  $r/om* 
and,  of  course,  R  —  6.37  x  10*  cm. 

On  the  other  hand,  according  to  the  authors  of  references  (*) 
and  (*),  the  most  probable  values  of  the  coefficients  of  the 
potential  expansion  (15)  are  : 


10*J,  =  1082.2  ±  0.2, 
10«J,  =  _  2.4  ±  0.2, 

10*J4  =  —  1.4  ±  0.2, 
10*J,  =  —  0.2  ±  0.1, 
1(^J,  =  0.9  ±  0.8, 

10*J,  =  —  0.3  ±  0.1, 


(20) 


etc.  The  dominant  coefficient  J,  of  the  second  harmonic  is  pre¬ 
ponderantly  due  to  polar  flattening  of  the  Earth  due  to  its  axial 
rotation  —  a  cause  which  is  also  bound  to  invoke  a  seoond-order 
contribution  to  J4,  third-order  contribution  to  J(,  etc.  However, 
it  has  recently  been  shown  by  Kopal  and  James  (*)  that  the  theore- 
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tioal  equilibrium  value  of  J4  appropriate  for  internal  density 
distribution  reproducing  the  observed  value  of  is  equal  to 
—  3.16  X  10"*  —  i.  e.,  more  than  twice  as  large  as  the  value  of  J4 
listed  in  (20)  —  a  fact  which  leads  us  to  oonjecture  that  the  diffe¬ 
rence  3.2 — 1.4=  1.8  may  be  equal  to  the  actual  value  of  J4 
arising  from  convection.  At  any  rate,  the  values  of 

J,  =  —  2.4  X  10-*  and  J4  =  -|-  1.8  x  10-*  (21) 

lead,  by  (16),  to 


A  j  =  1.6  om*/8ec.  and  A4  =  3.4  om*/8ec,  respectively.  (22) 
The  corresponding  radial-velocity  component  of  convective 
flow  then  will,  in  accordance  with  equations  (1)  and  (2),  be  clearly 
of  the  order  of  magnitude  of 

—  ‘  An  I 

(23) 


U, 


r  »; 


where  f  is  an  appropriate  scale  length  which,  for  the  Earth’s 
mantle,  can  be  approximated  by  6  x  10*  cm.  If  so,  it  follows  by  a 
combination  of  (22)  and  (23)  with  the  data  of  Table  III  that,  for 
n  =  3  :  tTj  =  6  X  lO"'*  cm /sec. 

«  =  4  :  U4  =  1  X  10”“  cm/sec.  (24) 

Velocities  of  this  order  of  magnitude  would  correspond  to  displace¬ 
ment  of  the  order  of  10”*  cm  (i.  e.  a  micron)  per  year,  or  a  flow  length 
of  the  order  of  10  km  during  the  entire  age  of  the  Earth.  Velocities 
so  small  are  all  that  is  required  for  convection  to  account  for  the 
observed  coefficients  of  higher  harmonics  in  the  external  gravita¬ 
tional  fleld  of  the  Earth ;  but  are  manifestly  quite  inadequate  to 
provide  motive  power  for  the  continental  drift  or  other  geophysical 
phenomena  which  have  been  mentioned  in  this  connection  (^*). 
As  a  corollary,  it  should  also  follow  from  equation  (18)  that  the 
coefficient  p  of  viscosity  consistent  with  the  physical  constants  (19) 
and  the  Rayleigh  numbers  characteristic  for  this  type  of  flow 
should  be  of  the  order  of  10*’  g/cm.  sec  —  i,  e.,  by  five  orders  of 
magnitude  greater  than  those  inferred  by  other  methods  (*). 
Only  so  high  a  viscosity  can  retard  the  convective  flow  to  the  low 
absolute  flow  velocities  (24)  quoted  above. 
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Is  there  any  escape  from  these  ooncliuions,  by  any  admissible 
variation  of  the  physical  constants  of  the  Earth  involved  in  oui 
computations!  Of  such  constants,  the  values  of  k  as  well  as  of  C* 
appear  to  be  sufficiently  well  known  for  terrestrial  rocks  that  at 
least  their  order  of  magnitude  can  be  considered  as  fixed.  The 
value  of  X  is  perhaps  less  firmly  established ;  and  that  ofc  still  less  so. 
However,  an  increase  of  x  by  not  less  than  two  orders  of  magnitude, 
a  diminution  of  s  by  four  orders,  or  a  suitable  combination  of  both 
woiild  be  required  to  harmonize  the  characteristic  Rayleigh  num¬ 
bers  C,  with  a  viscosity  of  tho  order  of  10“  —  10**  g/cm.  sec  ;  and 
(by  increasing  the  values  of  A.  for  given  J„  in  equation  16  by  the 
same  factor)  to  obtain  a  flow  velocity  of  the  order  of  1  cm /year 
required  for  the  continental  drift.  Whether  or  not  so  large  a  change 
in  X  or  c  may  indeed  be  supported  by  other  independent  evidence, 
only  the  future  can  tell. 

Before  considering  this  too  seriously,  however,  we  should,  at 
least  mention  that  our  present  failure  to  reconcile  the  consequences 
of  Chandrasekhar’s  theory  of  convection  in  the  Earth’s  mantle 
with  the  observed  values  of  J„  for  the  most  probable  values  of  the 
physical  constants  based  on  independent  evidence  may  also  go 
back  to  the  fact  that  Chandrasekhar  used  too  restricted  an  equation 
for  the  changes  in  state  (at  the  basis  of  the  Boussinesq  approxima¬ 
tion).  This  equation  relates  the  changes  of  density  invoked  by 
convection  with  the  changes  of  the  (temperature  alone  ;  and  the 
validity  of  this  approximation  under  conditions  prevailing  in  the 
Earth’s  mantle  appears  to  be  somewhat  questionable  (“).  A  con¬ 
sistent  development  of  a  more  general  theory  of  convection  in 
which  the  changes  of  density  are  related  with  those  of  the  pressure 
as  well  as  temperature,  remains,  however,  still  a  task  for  the  future. 
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3.  —  COMPARATIVE  ANALYSIS  OF  THE  INTERNAL 
CONSTITUTION  AND  DEVELOPMENT  OF  PLANETS 

B.  J.  LEVIN 

O.  Schmidt  Institute  of  Physics 
of  the  Earth,  Acad.  Sc.  USSR 

A  oomparative  analysis  of  the  internal  constitution  and 
evolution  of  planets  gives  important  results  for  planetary  physics 
as  well  as  for  geophysics.  The  most  developed  branches  of  such 
analysis  are  a)  the  comparison  of  mean  densities  of  related  groups 
of  planets  and  satellites  and  b)  a  comparative  study  of  thermal 
histories  of  terrestrial  planets  and  the  Moon. 

I 

The  analysis  of  the  mean  densities  of  planets  consists  in  the 
calculation  of  planetary  models  with  radial  distribution  of  density, 
which  satisfy  to  the  values  of  mass  and  radius,  and  in  some  cases 
of  the  moment  of  inertia,  deduced  from  observations.  The  calcu¬ 
lations  require  the  knowledge  of  the  equation  of  state  of  planetary 
matter  and  therefore  some  assumptions  on  its  chemical  composition 
and  on  phase  transitions  are  needed.  (Wildt,  1961). 

For  terrestrial  planets  the  analysis  of  their  densities  is  intima¬ 
tely  connected  with  the  important  problem  of  the  nature  of  the 
dense  core  of  the  Earth  and  of  the  presence  of  similar  cores  in 
other  planets. 

The  old  iron-core  hypothesis  presents  several  difficulties  : 

1.  If  this  hypothesis  is  admitted  the  inference  of  different 
content  of  iron  in  planets,  already  made  by  Jeffreys  in  the  thirties, 
is  inevitable.  The  attempts  to  ascribe  these  differences  to  different 
fractionation  during  the  formation  process  (H.  C.  Urey,  1962, 
1964,  1966,  1960 ;  A.  Ringwood,  1969)  cannot  be  r^;arded  as 
successful.  Insurmountable  difficulties  remain  even  within  the 
artificial  schemes  proposed  by  these  authors. 
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2.  When  the  cold  origin  of  terreatriai  planets  was  established 
the  formation  of  the  iron  core  was  ascribed  to  the  gravitational 
differentiation,  which  began  after  the  radioactive  heating  and 
softening  of  the  interior  of  the  Earth  and  planets.  But  the  possibility 
of  such  segregation  of  iron  is  doubted  by  several  authors  (see  f.  i. 
Lyustikh,  1948). 

3.  Recently  the  experiments  on  the  shock-wave  compression 
of  iron  (Altshuler  and  oth.,  1968)  showed  that  at  pressure  existing 
in  the  Earth’s  core  the  density  of  iron  is  somewhat  too  great.  If  we 
try  to  obtain  a  lower  density  increasing  the  supposed  temperature 
of  the  core  the  unacceptable  high  temperature  is  needed.  (Zharkov, 
1960).  We  can  decrease  the  density  of  iron  without  the  increase  of 
temperature,  supposing  for  example  the  admixture  of  silicium  or 
magnesium  to  the  core's  matter.  But  this  would  mean  the  rejection 
of  analogy  with  iron  meteorites,  which  is  one  of  the  main  arguments 
in  favour  of  the  iron  core  hypothesis. 

4.  The  melting  temperatures  of  iron  and  silicates  at  high 
pressures  are  such  that  the  iron  core  hypothesis  is  unable  to  combine 
the  solid  state  of  the  Earth’s  mantle  with  the  liquid  state  of  its  core, 
which  is  needed  to  explain  the  magnetic  field  of  the  Earth. 

The  alternative  point  of  view  on  the  nature  of  the  Earth’s 
core  is  represented  by  the  Ramsey’s  hypothesis.  The  analysis  of  the 
densities  of  terrestrial  planets  based  on  Ramsey’s  hypothesis  leads 
to  almost  common  composition  of  Venus,  Earth,  Mars  and  Moon, 
and  all  difficulties  of  the  iron  core  hypothesis  mentioned  above  do 
not  rise  (*). 

But  the  real  existence  of  the  phase  transition  in  rocks  at  the 
pressure  of  about  1.5.10*  atm.  has  no  direct  confirmation.  Calcu¬ 
lations  for  MgO  by  Trubitsin  (1968)  as  well  as  experiments  by 

(*)  The  high  density  of  Mercury  remains  properly  tmexplained.  As  was 
already  mentioned  (Levin,  1957)  it  is  probably  due  to  the  formation  of 
Mercury  from  particles  most  heated  by  the  Sun  or  even  condensed  under  the 
conditions  of  higher  temperatrure.  Unfortunately  a  thorough  study  of  the 
chemical  evolution  of  the  protoplanetary  cloud  remaina  still  lacking. 
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Altshuler  and  Kormer  (1961)  on  shook  wave  oompreesion  of  dunite 
failed  to  give  a  phase  transition  at  this  pressure. 

However  the  present  author  is  not  inclined  to  regard  these 
results  as  final.  Comparing  the  difficulties  of  the  iron  core  hypothesis 
with  the  merits  of  Ramsey’s  hypothesis  he  continues  to  support  the 
latter. 

The  analysis  of  densities  of  giant  planets  shows  that  with  any 
existing  variant  of  equation  of  state  for  hydrogen  its  content 

Table  1 
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diminuea  monotonously  from  Jupiter  to  Neptune.  It  is  no  reason  to 
connect  this  change  with  the  differences  of  masses  of  these  planets. 
Obviously  it  is  due  to  differences  in  their  distances  from  the  Sun. 
A  tentative  explanation  was  presented  some  years  ago  (Levin,  1957). 

For  the  further  more  refined  analysis  of  densities  of  planets 
the  most  reliable  values  of  their  masses  and  radii  must  be  used. 
S.  Kozlovskaya  compiled  a  review  of  all  determinations  and  deduced 
the  most  probable  values,  which  are  given  in  Table  I  with  corres¬ 
ponding  values  of  the  mean  density.  The  full  review  will  be 
published  elsewhere. 


II. 

In  the  analysis  of  thermal  histories  of  planets  as  in  the  analysis 
of  their  densities  a  comparative  study  of  related  bodies  gives  much 
advantages. 

For  terrestrial  planets  their  internal  temperature  at  the  end 
of  their  formation  was  low  and  was  determined  mainly  by  the 
radiogenic  heat,  generated  during  the  formation.  Only  in  the  more 
massive  planets  —  Earth  and  Venus  —  some  additional  increase 
of  temperature  was  caused  by  the  compression  of  internal  parts 
under  the  weight  of  accumulating  outer  parts.  But  even  for  these 
planets  the  heat  output  by  the  shocks  of  planetesimals  from  which 
they  were  formed  was  very  small  (Safronov,  1959). 

Radioactive  elements  form  only  nonvolatile  compounds,  and 
therefore  their  content  in  aU  terrestial  planets  must  be  almost 
the  same.  The  heating  of  these  planets  must  be  similar  (if  we 
neglect  the  differences  in  the  outflow  of  heat  to  the  outer  space), 
but  nevertheless  their  thermal  histories  were  different.  It  is  due 
to  the  differences  in  their  internal  pressuras,  which  cause  differences 
in  the  melting  temperatures. 

On  fig.  1  the  curves  of  the  melting  temperature  versus  radius 
are  drawn  for  the  Earth,  Venus,  Mars  and  Moon.  The  calculations 
by  Uffen  (1952)  and  Zharkov  (1959)  based  on  the  quantum  theory 
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of  solid  bodies  and  on  the  analysis  of  seismic  velocities  give  for 
the  Earth’s  mantle  substantially  different  curves  (*).  These  curves 
were  recalculated  for  the  mantle  of  Venus  and  Mars  (in  the  latter 
the  mantle  embraces  almost  the  whole  planet)  assuming  that  even 
in  the  upper  mantle  of  the  Earth  the  curves  by  Uffen  and  Zharkov 


are  determined  by  changes  of  pressure  and  not  of  chemical  compo¬ 
sition.  The  melting  curve  for  the  Moon  is  based  on  the  experimental 
data  for  dunite.  For  the  Earth’s  core  the  melting  curve  for  iron 
according  to  Zharkov  (1959)  as  well  as  his  curve  for  metallized 
silicates  (Zharkov,  1962)  are  given.  These  both  curves  are  recal- 

(*)  The  curve  by  Uffen  wu  improved  by  Zharkov  and  in  addition  he 
obtained  a  new  curve  using  a  different  method  of  calculations. 


oulated  also  for  pressures  existing  in  the  core  of  Venus.  For  a  small 
Martian  core,  whose  dimensions  are  badly  known,  only  the  melting 
curve  of  iron  is  given. 

The  calculations  of  radiogenic  heating  of  the  Earth  and 
planets  (see,  for  example,  Levin  and  Majeva,  1961)  show  that  in 
the  internal  parts  of  such  great  bodies  the  changes  of  temperature 
along  the  radius  are  small,  i.  e.  that  the  internal  parts  are  almost 
isothermic.  The  absolute  values  of  the  temperature  of  these  parts 
are  determined  mainly  by  the  assumed  content  of  radioactive 
elements. 

In  the  Earth,  on  the  boundary  of  the  core  the  melting  point 
of  iron  lies  for  600<>  higher  than  the  melting  point  of  the  mantle 
according  to  Zharkov  and  only  200o  lower  than  its  melting  point 
according  to  Uffen.  For  a  molten  state  of  the  outer  core  up  to  the 
boundary  of  the  inner  core  a  temperature  of  about  6OOO0  is  needed 
(for  an  iron  core),  but  at  this  temperature  the  whole  mantle  would 
be  also  molten.  However  it  is  not  so.  In  the  case  of  metallized  sili¬ 
cates  a  temperature  of  about  2000*’  is  enough  for  a  molten  state 
of  the  outer  core  and  at  this  temperature  the  mantle  remains  solid. 
Only  at  the  depth  of  about  0,1  of  the  Earth’s  radius  the  temperature 
curve  turns  to  be  close  to  the  melting  temperature,  which  indeed 
is  needed  for  a  gradual  smelting  of  the  crust  from  the  upper  mantle. 
It  must  be  added  that  such  temperature  of  the  Earth’s  interior 
corresponds  to  a  most  probable  content  of  radioactive  elements. 

At  the  temperature  of  about  2000®  the  core  of  Venus,  if 
composed  from  metallized  silicates,  must  be  molten  up  to  the 
centre.  In  the  upper  mantle  of  Venus  the  conditions  must  be 
similar  to  those  in  the  Earth  and  therefore  the  formation  of  the 
outer  crust  must  proceed  in  a  similar  way. 

For  the  study  of  the  thermal  history  of  Mars  the  choice 
between  the  two  variants  of  the  melting  curve  for  the  mantle  is 
of  importance  :  if  Uffen’s  curve  is  correct  then  at  the  temperature 
of  2000-3000®  the  central  parts  of  Mars  remain  solid,  but  the 
outer  part  is  molten  ;  if  Zharkov’s  curve  is  correct  the  wholeMartian 
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interior  was  sometimes  molten  and  has  undergone  a  physico¬ 
chemical  and  gravitational  differentiation  similarly  to  what  has 
probably  occurred  in  the  Moon.  The  melting  of  the  whole  interior 
of  Mars,  or  at  least  a  total  melting  of  its  upper  mantle  must  lead 
to  a  relatively  rapid  completion  of  differentiation,  i.  e.  to  the 
completion  of  formation  of  the  outer  sialic  crust  similar  to  the 
Earth’s  crust.  Since  a  sialic  matter  when  completely  differentiated 
can  amount  to  10-15  %  of  the  total  mass  of  silicates  (Vinogradov, 
1960,  a,  b)  the  thickness  of  Martian  crust  can  reach  40-60  km. 

The  existence  in  Mars  of  a  small  dense  core  (Bullen,  1949,  1957) 
can  be  most  easily  explained  by  the  gravitational  differentiation 
of  iron.  This  explanation  gives  an  argument  in  favour  of  the 
melting  of  the  whole  interior  of  Mars,  i.  e.  in  favour  of  Zharkov’s 
melting  curve  for  the  mantle.  But  the  data  on  the  melting  curves 
of  some  minerals  are  in  favour  of  the  curve  by  Uffen. 

In  the  Earth  (and  in  Venus)  the  temperature  only  approaches 
to  the  melting  curve  at  the  depth  of  500-1000  km  and  therefore 
the  formation  of  the  crust  has  a  long  durable  character.  On  the 
Earth  the  formation  of  the  crust  continues  till  now  at  almost 
constant  rate  without  obvious  signes  of  slackening.  The  associated 
tectonic  movements  and  erogenic  processes  are  going  on  now  with 
about  the  same  intensity  as  hundreds  of  millions  years  ago. 

The  internal  parts  of  Mars,  owing  to  its  smaller  dimensions, 
as  compared  with  the  Earth,  and  greater  collection  of  radio¬ 
active  elements  into  the  outer  crust,  must  be  already  cooling,  and 
the  formation  of  the  crust  has  alreculy  finished. 

Mountain  chains  of  the  Earth’s  type  are  lacking  on  Mars  and 
there  exist  only  highlands.  Their  absence  is  often  explained  by 
an  accidental  coincidence  of  the  present  time  with  the  epoch  of 
temporary  slackening  of  Martian  tectonic  processes.  One  refers 
to  the  existence  of  such  epochs  in  the  geologic  history  of  the  Earth. 
However  the  synchronism  for  the  whole  Earth  of  the  slackening 
and  resumption  of  tectonic  processes  is  unproved  and  even  seriously 
doubted.  Another  possible  explanation  for  the  absence  of  mountains 
on  Mars  can  be  proposed  :  climatic  conditions  on  its  surface  are  such 
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that  the  weathering  proceeds  much  rapidly  than  on  the  Earth  and 
therefore  mountains  are  destroyed  before  they  become  high.  But 
the  above  conclusions  on  the  evolution  of  Martian  interior  give 
good  reasons  to  admit  as  a  most  probable  cause  of  flatness  of  the 
Martian  surface  the  weakness  or  a  total  absence  of  modem  tectonic 
movements. 

Only  few  can  be  said  on  the  thermal  history  of  the  giant 
planets.  In  these  planets  the  gravitational  energy  liberated  in 
their  formation  process  caused  them  to  be  initially  hot.  (The  ter¬ 
restrial  planets  rapidly  lost  this  heat  into  space).  This  is  manifested 
in  the  density  distribution  of  the  main  Jovian  satellites,  which 
is  similar  to  the  distribution  of  planetary  densities  caused  by  the 
solar  radiation.  How  high  was  the  initial  surface  temperature  of  the 
giant  planets  and  how  did  proceed  their  subsequent  cooling  require 
further  investigation. 
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4.  —  JUPITER  :  CHEMICAL  COMPOSITION, 
STRUCTURE,  AND  ORIGIN  OF  A  GIANT  PLANET  (*) 

E.  J.  OPIK 

Armagh  Observatory,  Northern  Ireland 
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DepartmerU  of  Physios  and  Astronomy,  University  of  Maryland,  U.  S.  A. 

Abstract 

A  comprehensive  analysis  is  made  of  the  observational  and 
theoretical  information  regarding  the  composition,  structure,  and 
origin  of  Jupiter,  viewed  as  a  cosmogonic  test  case  of  a  giant  planet. 

With  a  polychromatic  radiative-equilibrium  temperature  of 
112  ±  2  oK,  based  on  the  radiative  properties  of  ammonia  and 
methane  as  the  chief  radiators,  the  occultation  of  a  Arietis  yields  a 
mean  molecular  weight  of  p  =  4.3  ±  0.5  for  Jupiter’s  atmosphere. 
The  combination  of  the  optical  properties  of  Jupiter’s  disk  with 
spectroscopically  determined  abundances  of  molecular  hydrogen, 
methane  and  ammonia  leads  to  probable  percentages  of  molecules 
in  Jupiter’s  observable  atmosphere  as  follows  ; 

Molecule  He  H,  Ne  CH«  A  NH, 

%  97.2  2.3  0.39  0.063  0.042  0.0029 

This  gives  another  independent  value  of  the  mean  molecular 
weight  of  p  =  4.02,  in  fair  agreement  with  the  occultation  value. 

Free  nitrogen  is  excluded  by  considerations  of  chemical 
equilibrium.  CO,  must  be  completely  reduced  to  CH,  and  H,0, 
whereas  water  is  snowing  out  and  cannot  appear  above  Jupiter’s 
cloud  level.  The  solid  ammonia  hypothesis  of  the  clouds  is  strongly 
supported.  The  temperature  at  cloud  top  is  156oK,  and  the  probable 
pressure  11  atmospheres. 

(*)  This  research  was  supported  by  the  National  Aeronautics  and  Space 
Administration  Grant  NsG-SS-SO.  The  full  paper,  about  80  pp.,  is  scheduled 
for  publicadoit  in  No.  3  of  Icarus,  autumn  1962. 
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From  radiometric  observations,  as  well  as  from  the  independent 
evidence  of  the  temperature  of  the  ammonia  clouds,  an  internal 
heat  supply  for  Jupiter  is  indicated,  of  the  order  of  1.2  x  10^ 
erg/cm*,  sec  or  1.6  +  0.4  times  the  solar  input.  For  Saturn  the 
internal  heat  supply  is  of  the  order  of  4  X  10*  erg/cm*,  sec,  almost 
the  double  of  solar  input. 

If  the  bulk  of  Jupiter’s  mass  is  solid  hydrogen,  its  atmospheric 
composition  is  very  different. 

Escape  and  diffusion  processes  from  a  rotating  pre-planetary 
nebular  ring,  as  well  as  from  planetary  exospheres  are  analyzed 
and  numerically  evaluated.  These  processes,  of  neutral  as  well  as 
ionized  gas,  are  utterly  inadequate  to  account  for  any  significant 
differentiation  of  composition  on  a  cosmic  or  planetary  scale. 

It  is  shown  that  differentiation  by  condensation  of  solid 
particles,  especially  snowing-out  of  hydrogen  from  the  nebular  ring, 
is  quantitatively  adequate  to  achieve  concentration  of  hydrogen 
in  the  core  of  a  Jovian  planet,  as  well  as  to  lead  to  the  subsequent 
accretion  of  a  helium  atmosphere. 

The  solid  hydrogen-helium  model  of  Jupiter’s  internal  structure 
is  shown  to  be  the  only  one  in  harmony  with  observation  and 
theory. 

The  alternative  of  a  gaseous  sphere  of  heavier  elements 
(C-N-0)  is  examined  and  shown  definitel}'  to  contradict  crucial 
observational  data,  especially  surface  temperature  which  should 
then  be  of  the  order  of  10*  deg  K.  Such  a  sphere  would  rapidly 
cool  by  convection  and  become  a  solid-degenerate  body  of  much 
higher  density  than  that  of  Jupiter. 

The  bulk  of  Jupiter’s  mass  could  have  originated  either 
directly  by  accretion  of  hydrogen  snow  from  the  ring,  of  course 
vaporizing  before  reaching  the  surface  of  the  planet  maintained 
at  a  temperature  of  the  order  of  3000-4000  oK ;  or  through  an 
intermediate  stage  of  a  gasball,  contracting  through  convectional 
cooling.  Cooling  by  radiative  and  conductive  transfer  is  far  too 
slow  for  gasballs  of  Jupiter’s  mass. 
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Principal  Conclxtsions 


1.  From  the  combination  of  the  available  spectroscopic, 
radiometric  and  photometric  evidence,  including  the  occultation 
of  or  Arietis,  it  is  concluded  that  the  m  n  constituent  of  Jupiter’s 
atmosphere  is  helium,  with  molecular  hydrogen  coming  next. 
The  mean  molecular  weight  of  the  atmosphere  is  close  to  4.0. 

2.  The  radiative  equilibrium  in  Jupiter’s  atmosphere  is 
chiefly  governed  by  ammonia,  and  to  a  lesser  extent  by  methane. 

3.  Radiometric  and  spectroscopic  data  consistently  indicate 

an  internal  heat  supply  for  Jupiter  of  ( 1.2  0.3)  X  10*  erg/cm*,  sec 

at  the  planet’s  surface,  or  by  about  60  per  cent  greater  than  the 
input  of  solar  radiation.  The  figure  follows  independently  from 
direct  measurements  of  the  infrared  radiation,  and  from  the  vapor 
pressure  and  temperature  of  the  radiating  ammonia  layer.  For 
Saturn  the  internal  heat  supply  is  (4.0  ±  0.4)  x  10®  erg/cm®,  sec 
at  the  surface. 

4.  The  unusual  abundance  of  helium  as  compared  with 
hydrogen  in  Jupiter’s  atmosphere  cannot  be  due  to  selective 
escape,  diffusion,  or  any  other  atomic  (ionic)  filtering  processes 
during  the  planetary  or  pre-planetary  stage.  These  selective 
processes  are  too  slow  by  many  orders  of  magnitude,  and  can  only 
affect  the  composition  of  an  unraixed  outer  atmosphere. 

5.  Because  of  the  necessity  of  radiating  away  the  excess 
energy,  neither  Jupiter  nor  any  other  body  of  planetary  size,  of 
less  than  0.03  solar  mass  (or  30  times  Jupiter’s  mass),  could  have 
come  into  being  and  acquired  its  present  dense  state  by  conden¬ 
sation  or  accretion  of  pure  hydrogen,  or  helium,  or  any  other 
material  in  a  non-convective  gaseous  state,  during  time  intervals 
of  less  than  10‘®  years.  However,  convective  structures  of  Jupiter’s 
mass  could  have  cooled  off.in  about  10*  years. 

6.  The  most  direct  and  plausible  way  of  building  up  planets 
of  less  than  0.03  solar  mass  appears  to  be  accretion  from  a  cloud 
of  solid  particles. 
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7.  Snowing-out  of  solid  hydrogen  from  a  nebular  ring  of 
extremely  low  temperature  (4  “K)  could  account  both  for  the 
predominantly  hydrogenic  composition  of  the  bulk  of  Jupiter’s 
mass,  and  the  predominance  of  helium  in  its  atmosphere  as  a  later 
acquisition. 

8.  The  solid  hydrogen-helium  model  of  Jupiter  is  to  be  regarded 
as  the  only  plausible  structure  of  this  planet,  as  well  as  of  Saturn. 
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6.  —  THE  CONSTITUTION  OF  URANUS  AND  NEPTUNE 


W.  C.  DaBiARCrUS  and  Ray  T,  REYNOLDS 
University  of  Kentucky 
Lexington,  Kentucky,  TJ.  S.  A. 


I.  Introduction 

The  oompoeitiuns  of  two  of  the  giant  planets,  Jupiter  and 
Saturn,  seem  to  be  fairly  well  established  if  it  is  assumed  that 
they  are  cold  bodies.  (Ramsey  and  Miles  (1962),  DeMarous  (1968)) 
Consequently  if  the  compositions  of  Uranus  and  Neptune  could  also 
be  found,  subject  to  the  same  assumption  that  they  are  cold  bodies, 
a  well  defined  study  of  the  giant  planets  would  be  complete. 

However  it  is  a  conclusion  of  this  paper  that  results  such  as 
those  obtained  by  Ramsey  and  Miles  and  by  DeMarous  cannot  be 
attained  for  Uranus  and  Neptune.  The  reason  for  this  lies  wholly 
in  the  fact  that  these  latter  planets  are  much  poorer  in  hydrogen 
than  are  Jupiter  and  Saturn.  At  low  temperatures  and  a  given 
pressure,  densities  less  than  a  certain  value  imply  a  minimum 
amount  of  hydrogen  but  densities  greater  than  this  value  can  be 
attained  by  infinitely  many  different  mixtures  of  all  the  elements. 
.\11  reasonable  models  of  Uranus  and  Neptune  have  values  of  density 
as  a  function  of  pressure  which  fall  in  the  ambiguous  region  while 
the  opposite  is  true  for  Jupiter  and  Saturn.  As  a  consequence  of 
this  fact  the  philosophy  followed  by  DeMarous  in  his  investigation 
of  Jupiter  and  Saturn  has  to  be  modified  in  order  to  make  any 
progress  at  all.  DeMarcus  sought  to  avoid  the  employment  of  any 
cosmochemical  data  in  order  that  his  results,  whatever  they  might 
be  worth,  might  have  primary  significance.  In  this  paper  the  requi¬ 
rements  of  tins  philosophy  have  been  relaxed  to  the  extent  that  the 
relative  proportions  of  all  elements  more  massive  than  helium  are 
assumed  «  normal ».  By  definition  «  normal  »  relative  abundances 
are  those  given  by  Urey  and  Suess  (1966).  This  particular  mixture 
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of  heavy  elements  is  designated  herein  by  the  homely  noun, « mud ». 
The  low  temperature  equations  of  state  of  hydrogen,  helium  and 
mud  are  then  estimated  and  the  compositions  of  Uranus  and  Nep¬ 
tune  can  be  assayed,  on  the  basis  of  assumed  models,  to  the  extent 
that  lines  on  a  tri-linear  chart  could  be  marked  off  near  which  the 
compositions  of  the  planets  should  fall.  Before  taking  up  this 
principal  phase  of  this  paper  however  it  was  of  some  interest  to 
see  how  nearly  Neptune  and  Uranus  could  be  fitted  by  model 
planets  of  pure  helium  or  of  pure  mud.  To  these  restiicted  problems 
we  now  turn. 


II.  The  Mass-Radius  Relation  of  Helium  and  Mud  Planets 

DeMarcus  (1959)  has  given  an  estimated  equation  of  state  of 
helium  by  interpolating  between  the  measured  results  of  Stewart 
(1956)  at  low  pressures  and  a  theoretical  calculation  at  high  pres¬ 
sures  based  on  an  investigation  of  divalent  metals  by  Raimes  (1962). 
The  0°K  isotherm  so  derived  is  reproduced  in  Table  I.  On  the  basis 
of  this  pressure-density  relation,  model  planets  were  constructed 
with  varying  central  pressure.  The  results  are  given  in  Table  II  and 
Figure  I. 

Table  I 

The  Equation  of  State  of  0°K  Helium 


p(10‘’  dyne/cm*) 


p(gm/cm») 


.0002 

.234 

.0010 

.323 

.0100 

.634 

.100 

.936 

.400 

1.40 

1.00 

1.89 

4.00 

3.16 

10;0 

4.56 

4CtO 

8.64 

80.0 

11,41 
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MASS  10**  GM. 


20 


RADIUS  10*  CM. 

Fig.  1.  —  Theoretical  maas-radius  curves  for  planets  composed  of  pure 
hydrogen,  helium  or  mud.  The  small  circles  correspond  to  the  empirical 
values  for  Uranus  and  Neptune 


TABI.E  n 

Mat»-Badiu»  Relation  for  Cold  Helium  Planets 


(10*»  gm) 

1  Radius  (10*  cm) 

66.8 

1  2.12 

101.2 

i  2.40 

166 

1  2.63 

104 

[  2.71 

303 

1  2.02 

302 

3.04 

461 

3.10 
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Mild  is  considered  to  be  a  mixture  in  the  proportions  by  num¬ 
bers  of  atoms  given  in  Table  III. 

Table  III 
Compontion  of  Mud 


Element 

Relative  Abundance 

C 

1  3.5 

N 

i  6.6 

O 

i  21.6 

Ne 

8.6 

Si 

1.0 

Fe 

0.60 

Fig.  2.  —  niuatrating  the  extrapolation  of  preasuie  density  relations.  The 
curve  T.  F.  is  the  equation  of  state  of  nitrogen  calculated  by  the  Thomas- 
Fermi  method.  The  main  curve  represents  measured  values  of  volume  as 
fimction  of  pressure  in  its  solid  portion  whUe  the  dashed  portion  is  the 
extrapolation  used  in  this  paper.  The  units  of  volume  and  pressure  are  those 
appropriate  to  the  Tbomas-Fermi  method  for  atomic  number  Z. 
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The  densities  of  the  pure  individual  elements  were  obtained  by 
interpolating  between  the  experimental  resultf.  of  Bridgman  or 
Stewart  and  the  Thomas-Fermi  Equation  of  state.  Figure  II 
illustrates  the  interpolated  equation  of  state  for  nitrogen.  Assu¬ 
ming  that  the  molar  volumes  are  additive,  the  density  Pm  cold 
mud  at  any  pressure  is  then  given  by 

Jl.  -  'V 

Pm  ^  ?i 

wherein  Wi  is  the  mass  fraction  of  the  i‘^  constituent  and  pi  is  the 
density  of  the  constituent  at  the  given  pressure.  The  equation 
of  state  so  estimated  is  displayed  in  Table  IV. 

TABI.E  IV 

Equation  of  State  of  Cold  Mud 


p(10‘*  dyne«/cm*)  p{gm/om*) 


0.01 

1.97 

0.04 

2.18 

0.10 

;  2.40 

0.40 

3.29 

1.00 

3.99 

4.00 

6.87 

10,00 

7.89 

The  densities  of  Mud  as  a  function  of  pressure  are  fairly  well 
fitted  by  the  equation 

p»  =  6.86  +  50  p 

where  p  is  in  units  of  gm  cm"*  if  p  is  in  units  of  10“  dynes/cm*. 
Consequently  the  mass-radius  diagram  of  mud  planets  can  be 
deduced  from  the  Emden  Polytrope  of  index  0.6  (For  details  on  the 
procedure  see  DeMarcus  i969,  p.  422).  The  [mass  radius  relation 
of  mud  planets  thus  obtained  is  also  displayed  in  Table  V  and 
Fig.  I.  Figure  I  also  contains  points  representing  the  masses  and 
radii  of  Uranus  and  Neptune.  From  the  figure  it  can  be  seen  that 
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Table  V 


Mcua-Radius  Relation  of  «  Mud  »  Planeta 


Radius  (10*  cm)  j  Mass  (10”  gm) 


.655 

2.77 

.856 

7.21 

1.08 

17.9 

1.28 

36.2 

1.74 

148.2 

a  model  planet  of  Uranus  can  he  constructed  of  almost  pure  heUum 
but  that  Neptune  requires  at  least  a  sizeable  admixture  of  mud.  Of 
coiu^,  as  will  be  shown  below,  Uranus  could  equally  weU  be  fitted 
by  a  model  made  up  of  a  mixture  ''f  int’.d  and  hydrogen  since  the 
density  of  helium  can  always  matched  by  a  mixture  of  mud  and 
hydrogen. 


III.  Model  Pi.a.nets  of  Uraxus  and  Neptune 

The  values  adopted  for  the  physical  parameters  of  Uranus 
and  Neptune  are  given  in  Table  VI.  The  quantity  I /MR*  is  the 
ratio  of  the  mean  moment  of  inertia  to  the  product  of  mass  and 

Table  VI 

Mechanical  Data  for  Vranua  and  Neptune  > 


Uranus 

Neptune 

Mass  (10”  gm) 

86.0  i 

102.8 

Mean  radius  (km)  i 

23,700 

21,600 

Mean  density  (gm/cm*) 

1.56 

2.47 

Ellipticity 

0.06  j 

0.017 

Period  (hr) 

10.8  1 

16.7 

I/MR* 

0.34  i 

0.30 

J  1 

.0074 

Sources  :  Masses  and  Radii,  Kuiper  (1052) ;  dynamic  ellipticity  and 
J  for  Neptune,  Brouwer  and  Clemence  (1961) ;  rotational  periods  and  visual 
ellipticity  for  Uranus,  Allen  (1956) ;  I/MR*  estimated  from  Radau-Darwin 
approximation. 
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squared  radius  of  the  planet  and  would  be  0.40  if  the  planets  were 
homogeneous.  The  quantity  J  is  a  measure  of  the  departure  of  the 
external  gravitational  potential  of  the  planet  from  spherical  sym¬ 
metry.  Explicitly  the  external  gravitational  potential  is  assumed 
to  be 


GM  r  /2\  /Ja*\  ^  "I 

where  G  is  the  gravitational  constant,  M  the  mass  of  the  planet, 
a  the  equational  radius  of  the  planet,  r  the  distance  from  the  center 
of  mass  of  the  i)lanet,  9  is  the  co-latitude  and  Pj  ((jl)  is  the  Legendre 
polynomial  of  order  2  normalized  so  that  P2(l)  =  1. 

The  ellipticity  e  of  the  surface,  (a  —  b)la)  (where  b  is  the  polar 
radius),  is  given  by  numerous  authors,  for  example  Spencer- Jones 
(1954)  as 


J  + 


m 


with 


m  = 


3w“ 

47tGo 


4  /5m 


Here  p  is  the  mean  density  of  the  planet  and  w  is  its  angular  speed 
of  rotation  The  moment  of  inertia  can  then  be  estimated  from  the 
Radau-Darwin  approximation 

I  _  2 

MR*  “3  15^2$ 

A  possible  model  of  Uranus  or  Neptune  must  have  a  density 
distribution  p{r)  defined  for  0  g  r  g  R  where  r  is  the  planetary 
radius  and  moreover  must  satisfy  the  two  conditions 

M  =  47t  j  r*p(r)cir 
•^0 

aR 


871  r 

=  3  f  rVr)ir 


It  is  also  customary  to  add  the  extremely  plausible  condition  that 
dp/dr  <  0  for  0  g  r  g  R  i.  e.  the  density  must  not  increase  with 
radius.  These  three  conditions  are  not  enough  to  determine  the 
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density  distribution  completely  but  the  combination  does  markedly 
decrease  the  flexibility  of  choice  from  the  case  where  the  mass 
alone  is  given. 

In  this  paper,  four  models  of  each  planet  have  been  considered. 
These  are  two  and  three  shell  models  plus  a  Laplace  model  and 
another  model,  recently  discovered  by  DeMarous,  wliich  shares  with 
the  Laplace  model  the  welcome  circumstance  that  Clairaut’s 
equation  for  the  ellipticity  can  be  integrated  in  closed  form. 

A.  Two  Shell  Models. 

These  models  have  only  two  different  values  of  the  density 
p(f)  =  pe  if  0  <  r  <  pR  and  p  =  p«  if .pR  <  r  <  R  with  0  <  p  <  1. 
The  mass  is  given  by 

m  =  '‘”r»[p,  +  P»(pc-pJ] 

and  their  moment  of  inertia  by 

I  =  l|R‘[Pm-f  P*(PC-PJ] 

The  mass  and  moment  of  inertia  thus  serve  to  fix  only  two  of  the 
necessary  three  parameters.  In  this  investigation  we  have  arbitrarly 
set  p„  =  1  gm/cm*  in  order  to  obtain  definite  models.  The  pressure 
p(r)  as  a  function  of  radius  is  then  obtained  by  integrating 
dpidr  =  —  g(r)  p(r) 

where  g{r)  is  the  local  acceleration  of  gravity  at  the  surface  of  mean 
radius  r. 

B.  Three  Shell  Models 

These  are  defined  by  p(r)  =  p,  if  0  <  r  <  p^R,  p(r)  =  p, 
if  PiR  <  r  <  p,R  and  p(r)  =  p,  if  p,R  <  r  <  R 
for  which 

Ml  =  J  R»  [pa  +  Pa(pi  —  P»)  +  Pi  (Pi  —  Pi)] 

I  =  ^  R*  [P»  +  PS(Pi  —  Ps)  +  Pi(Pi  —  Pt)] 
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All  five  parameters  are  determined  from  the  two  preceding  relations 
by  arbitrarily  setting  pt  =  25  gm/om*,  =  .20  and  pi  ==  1  gm/om*. 
The  pressure  is  determined  as  before  and  the  somewhat  cumbersome 
expressions  are  not  reproduced  here. 

0.  The  Laplace  Models. 

These  are  defined  by  awMiTning 

P(«’)  =  Pe(8in  krikr) 

which  has  two  adjustable  parameters,  the  central  density  pe  and  the 
parameter  k  which  is  a  reciprocal  length. 

Clonsequently  fixing  the  mass  and  moment  of  inertia  uniquely 
defines  a  density  distribution  for  a  model  planet  and  again  the 
pressure  can  be  calculated  at  every  level. 


D.  D(^)  Models. 

In  this  paragraph  let  r  =  ^R,  p(r)  —  where  ^  is  the 

mean  density  of  the  planet  to  be  modeled  and  B  is  its  radius. 
Then  these  models  have  densities  given  by 

«(P)=  (1  + 

The  pressure  is  then  found  to  be  given  by 


P  =  y  GPo  R*  [9(1. »)  —  9(P.  <*)] 


with 


+  3 


1  (1  +  o)» 


a 


®*P  5  2 


E, 


E,  -  - 


(1  +  op*)*  J 

In  the  preceding  expression,  E,(a;)  is  the  usual  exponential  int^ral 
defined  via 
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With  the  exception  of  the  three-shell  model,  the  preceding 
models  all  share  the  happy  oiroumstanoe  that  the  elliptioities  they 
would  assume  when  rotating  with  angular  speed  co  mn  be  worked 
out  in  closed  form.  For  the  two  shell  model  and  the  Laplace  model, 
the  relevant  formulae  can  be  found  in  Darwin  (1877,  1900).  For  the 
D(P)  model  one  of  us  has  recently  found 

6 

-  m 
_  2 

'  2  +  0 

with 

3o>» 

m  =  — — ^ 

47tGp, 

Po  being  the  mean  density  of  the  planet.  The  parameter  a  should 
not  exceed  2  numerically  for  a  meaningful  model  since  densities  at 
some  values  of  ^  would  be  negative. 

IV.  Estimation  of  Compositions 

The  employment  of  one  of  the  preceding  models  furnishes  an 
estimate  of  the  pressure  and  density  at  every  point  within  the 
planets  Uranus  and  Neptune.  Bounds  on  the  compositions  at  every 
point  in  the  planet  may  now  be  computed  imder  the  foUowing 
assumptions  ; 

(a)  The  relevant  mechanical  data  for  the  Uranus  and  Neptune 
as  given  above  in  Table  VI  are  correct. 

(b)  The  heavier  elements  of  the  planet  have  the  same  relative 
abundances  as  our  «  mud ». 

(c)  The  equations  of  state  of  helium,  hydrogen  and  mud  are 
correct  at  O^K  as  given  in  the  paper. 

(d)  The  planets  are  cold  i.  e.  have  the  same  densities  at  the 
pressures  in  question  that  they  would  have  if  cooled  to  the  absolute 
zero  of  temperature. 
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(e)  Partial  molar  volumes  of  a  mixtiu^  of  hydrogen,  helium 
and  mud  are  additive. 


(f)  Hydrostatic  equilibrium  holds  throughout  each  planet. 


At  a  given  point  in  the  planetary  model  where  the  density  is 
p  and  the  pressure  p  the  following  relation  then  holds 

1  tPi  Wf  Wt 

9  Ph  Ph«  9m 

where  Wi,  and  are  respectively  the  fractions  by  mass  of 
hydrogen,  helium  and  mud  and  pg,  pg^,  p„  are  the  [densities  of 
hydrogen,  helium  and  mud  at  the  pressure  p.  Naturally  this  relation 
makes  sense  onlj'  if  pg  <  p  <  p,,  which  is  the  case  for  the  models 
considered  herein.  A  second  relation  for  the  mass  fractions  foUows 
from  their  definition 


M'l  +  t»»  +  =  1 

These  two  relations  between  the  mass  fractions  are  not  sufficient 
to  determine  them.  However  limits  can  be  set  on  the  mass  fractions. 
For  example  cannot  exceed 


which  is  obtained  by  setting  w,  —  0.  Also  cannot  be  less  than 
the  larger  of  the  two  numbers  0  and 

PS  /'  Ph.  ~  P  \ 

P  'Ph,  — Ph' 

Consequently,  a  minimum  and  a  maximum  value  of  can  be 
obtained  at  every  level  and  the  corresponding  minimum  or  maxi¬ 
mum  value  for  the  total  mass  fraction  of  the  whole  planet  is  obtai¬ 
nable  by  summing  over  all  levels  in  the  planet.  The  minimum  value 
of  to,  is  0,  for  helium  can  alwa3r8  be  simulated  by  an  appropriate 
mixture  of  hydrogen  and  mud.  The  maximum  possible  value  of 
to,  is 


max  to. 


Ph,  (pm  — P) 
P  (pm  — Ph,) 


P>  Ph, 


61 


or 


_  Ph,  (P  Ph) 

max  - 


P  <  Ph, 


P  (Ph,  Ph) 

The  reeultB  obtained  in  this  way  by  using  the  model  planets  des- 
oribed  in  this  paper  are  given  in  Table  VII  and  Table  Vin. 


Tablx  vn 

Estnmt  Hydrogen  Mate  Fraetiom 


Uranus 

N^>tune 

Model 

Max  wb 

Min 

Model 

Min  wg 

S  SbeD 

.236 

.060 

2SheU 

.137 

.038 

S  ShaU 

.260 

.101 

3  SheU 

.168 

.031 

Laplaoe 

.232 

.036 

Laplaoe 

.140 

.000 

D(p) 

.231 

031 

I>(W 

.142 

.000 

Tabus  vm 

Maximum  Hdiwn  Mas$  FroMon 
Max  wh« 


Model 

1 

I  Uranus 

1 

1 

N^>tune 

2  Shril 

1  ' 

i  .810  j 

1 

.432 

3  SheU 

j  .710 

.660 

Lai)laoe 

.848 

.616 

D<P) 

I  .820 

.637 

We  thus  conclude,  on  the  basis  of  the  stated  assumptions,  that 
Uranus  and  Neptune  have  a  much  smaller  fraction  of  their  mass 
attributable  to  hydrogen  than  do  Jupiter  and  Saturn.  In  fact  it 
would  seem  that  Uranus  cannot  be  more  than  about  23  %  hydrogen 
by  mass  while  Neptune  cannot  be  more  than  about  14  %  hydrogen 
by  mass. 
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V.  Discussion  of  Ebbobs 


To  give  some  idea  of  the  importanoe  of  the  assumptions  which 
have  been  made,  re-evaluation  of  has  been  done  when  some 

of  the  assumptions  were  changed.  Table  IX  below  shows  the  effects 
of  these  changes  on  the  maximum  hydrogen  mass  fraction. 

Table  IX 

Ohangtt  tn  <Ae  Maaeinwm  Matt  Fraction  of  Hydrogen  Due  to  Ohanget 
m  fht  Fundamental  Attumptiont 


Change  in  Assumptions 

Change  in  (wg)  max 

Uranus  | 

Neptune 

Densities  of  hydrogen  assumed  6  %  smaller  than 
values  given  by  DeBSarous 

1 

—.013 

—.007 

Density  of  helium  assumed  5  %  larger  than  given  in 
Table  I 

0.0 

0.0 

Density  of  mud  assumed  20  %  larger  than  given  in 
Table  IV 

.023  1 

.033 

Radius  of  planet  assumed  1  %  smaller  than  given  in 
Table  VI 

1 

—.000  j 

—.007 

Moment  of  Inertia  assumed  to  be  0.25  MR* 

Moment  of  Inertia  assumed  to  be  0.40  MR* 

—.0 

.030 

The  reader  may  infer  the  effects  of  some  other  errors  not  inen- 
tioned  explicitly  in  the  Table  above.  For  example  the  fact  that  the 
temperatures  are  not  absolute  zero  lowers  all  densities  from  the 
absolute  zero  values  assumed.  But  estimates  of  the  effects  of  the 
density  changes  are  given  above  and  the  reader  may  form  his  own 
opinion  as  to  the  magnitude  of  the  temperature  error.  A  similar  set 
of  calculations  has  been  made  for  the  changes  in  the  maximum 
helium  abundance  following  changes  in  the  assumptions.  Except 
for  the  change  in  the  densities  of  helium  itself,  the  effects  are  all 
much  smaller  than  in  the  case  of  the  hydrogen  abundances.  If  the 
density  of  helium  is  raised  5  %  with  respect  to  the  values  given  in 
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Table  I,  the  respective  change  in  of  maximum  helium  abundances 
are  — .004  and  +.047  for  Uranus  and  Neptune  respectively. 


REFERENCES 

Ai.i.kn,  C.  W.,  Astrophysical  Quantities,  The  Athlone  Press,  1965. 

Bbouwer,  D.  and  Clemence,  G.  M.,  Planets  and  Satellites,  University  of 
Chicago  (Chapter  3),  1961. 

DeMarcus,  W.  C.,  Astronomical  Journal,  63,  2,  1958. 

DeMabcus,  W.  C.,  Handbuch  der  Physik,  Springer  Verlag,  Vol.  LII,  444, 
1959. 

Kctpeb,  G.  P.,  The  Atmospheres  of  the  Earth  and  Planets,  University  of 
Chicago,  p.  308,  1951. 

Raihes,  S.,  Philosophical  Magazine  (7).  43,  327,  1952. 

Ramsey,  W.  H.  and  B.,  Monthly  Notices  Roy.  AHronom.  Soe.  London, 

112,  234,  1952. 

Spencer- Jones,  Sir  Harold,  The  Earth  as  a  Planet,  University  of  C3ucago, 
p.  9,  1954. 

Stewart,  J.  W.,  Journal  of  Phys.  Chem.  Solids,  1,  146,  1956. 

Urey,  H.  C.  and  Sdess,  H.  C.,  Rev.  Mod.  Phys.,  28,  53, 1956. 


64 


DISCUSSION  DBS  COMMUNICATIONS  1  k  5. 


J.  C.  Peckeb  (2).  —  J‘ai  lu  voioi  quelques  ann^  le  travail  de  Parker 
expliquant  une  importante  fraction  du  gtomagn^tisme  par  lee  mouvemente 
oonveotifs  dans  le  noyau  terreetre.  Que  faut-il  aujourd’hui  en  penaer  k  la 
lumi^re  dea  oaloula  de  Kopal? 

H.  Robb  (2).  —  Mr.  Kopal  a  6tudi^  la  convection  dans  le  numteau  et 
non  dana  le  noyau  ;  de  plua,  il  a’agit  uniquement  de  convection  due  k  une 
inatabilit^  thermique  et  I’influence  du  champ  magn^tique  n’a  paa  M  con- 
aid^r^. 

J.  C.  Pecker  (2).  —  Comment  pourrait-on  enviaager  que  cea  convectiona 
affectent  le  moment  d’inratie  de  la  Terre?  Par  ailleura  eat-il  poaaible  qu’une 
action  corpuaculaire  aolaire  puiaae  frainer  le  manteau  aana  freiner  le  noyau? 
Cea  queationa  ae  poaent  naturellement  k  qui  veut  tenter  d’interpr^ter  la 
relation  ^troite  entre  rotation  torreatre  et  activity  aolaire  miae  en  Evidence 
par  Danjon. 

H.  Robe  (2).  —  L’exiatence  de  couranta  de  convection  (mati^re  moina 
denae)  et  deacendanta  (mati^  plua  denae)  affecte  la  distribution  de  density 
darm  le  manteau  et  modifie  done  lea  momenta  d’inertie  de  la  terre ;  il  eat 
toutefoia  difficile  dana  I’^tat  actuel  de  la  thtorie  de  d^finir  lea  cellules  de 
convection  lee  plua  atablee  pour  determiner  I’ordre  dea  momenta  modifies 
par  la  convection. 

W.  C.  De  Mabccb  (2).  —  Many  people  think  the  earth  ia  chemically 
inhomogeneouB  from  depth  413  Km  down  to  approximately  900  Km.  Does 
not  this  possibility  throw  grave  doubt  on  the  significance  of  the  equations 
you  have  used? 

H.  Robe  (2).  —  Dr.  Kopwl  does  not  mention  any  question  concerning 
this  fine  atructure  of  the  mantle  ;  certainly,  it  would  be  difficult  to  discuss 
rigorously  the  influence  of  such  an  inhomogenuity. 

H.  E.  SuESS  (4).  —  One  of  the  basic  queationa  of  Dr.  Opik's,  and  also 
Dr.  DeMarcus’  talk  ia  the  mechanism  of  separation  of  hydrogen  from  helium. 
We  observe  in  meteorites  a  separation  of  He  from  Ne  and  Ne  from  Ar  etc. 
that  at  least  in  part  cannot  have  been  caused  by  chemical  processes.  Is 
it  possible  that  this  separation  of  the  rare  gaaes  from  each  other  could 
have  been  caused  by  a  similar  process  aa  that  which  led  to  a  separation  of 
hydrogen  from  helium  in  the  outer  planets?  In  the  case  of  the  meteorites 
alow  temperature  condensation  cannot  be  an  explanation  because  of  the 
observed  isotope  fractionation  in  Ne  and  Ar. 

E.  J.  Ofik  (4).  —  Differentiation  of  noble  gases  and  their  isotopea'in 
meteorites  may  have  been  achieved  by  escape  and  diffusion  pro«.eases  in 
a  residual  interplanetary  nebula,  of  the  order  of  10“*  to  10“**  of  a  planetary 
mass.  It  could  not  have  taken  place  at  an  early  stage  when  the  mass  of  a 
nebular  ring  was  of  planetary  order. 
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H.  Sputkao  (4).  —  We  now  may  make  crude  speotroeoopio  eetimatee 
of  the  H,  atmosphere,  and  presumably  H,/He  ratio  by  number  in  the  Jovian 
atmosphere.  The  partial  pressure  of  molecular  hydrogen  is  compared  to 
total  pressiues  derived  from  the  line  widths  of  the  NH,  and  CH,  lines  in 
the  red  region  of  the  spectrum.  If  the  H|  and  CH4  and  NH,  absorptions  are 
at  compcuable  optical  depths,  then  the  H(/atmos.  ratio  ^  3  %.  This  esti¬ 
mate  will  be  improved  shortly, 

£.  J.  Cpik  (4).  —  Dr.  Spinrad’s  estimate  is  in  reasonable  agreement 
with  mine,  made  by  a  different  method,  which  gave  2.3  %  H,. 

C.  Saoak  (4).  —  Your  conclusion  that  Jupiter  has  an  internal  source  of 
radiation  energy  depends  on  an  estimate  of  the  fraction  of  solar  energy 
absorbed.  But  the  bolometric  albedo  of  Jupiter  is  very  poorly  known.  If 
there  is  substantial  absorption  by  Jupiter  in  the  near  infrared,  might  the 
radiative  output  and  input  then  be  equal  ? 

E.  J.  Ofik  (4).  —  The  bolometric  albedo  of  Jupiter  is  somewhat  un¬ 
certain  on  accoimt  of  the  near  infrared.  This  covers  about  40  per  cent  of  the 
solar  energy  spectrum  and  the  uncertainty  in  albedo  must  be  leas  than  this. 
The  exoeas  of  160  per  cent  over  solar  input  cannot  be  accounted  for  in  this 
manner,  and  much  greater  is  the  excess  of  radiation  for  Saturn.  Both  the 
giant  planets  must  possess  significant  energy  sources  of  their  own. 

J.  ROsoh.  —  A  propos  de  cette  session,  je  signals  le  r4sultat  rdoent 
obtenu  par  H.  Camichel  et  moi-ra6me  par  la  discussion  de  nos  observations 
lore  du  passage  de  Mercure  deveuvt  le  Soleil  le  7  novembre  1900.  Nous  oon- 
cluons  aux  valours  suivantes  :  diamitre  apparent  d  la  distance  unitd  :  6"76  d: 
0"02  ;  densiti  :  5,30  d:  0,04,  soit  un  peu  moins  que  la  Terre. 
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SECTION  n 


THE  SURFACES  AND  ATMOSPHERES 


6.  -  COOPfiRATIONS  INTERNATIONALES 
POUR  L’fiTUDE  DES  PLANfiTES  : 
RAPPORT  INTRODUCTIF 

Atoouin  DOLLFUS 
Obsermtoire  dt  Paris,  France 


Leg  diverses  oommunioations  expos^es  durant  oe  oolloque 
r^ument  les  travaux  originaux  effeotu^  par  ieurs  auteurs.  Chaque 
groupe  de  travail  fait  usage  de  ses  propres  ressouroes  et  progresse 
dans  sa  propre  sp^cialitd.  Par  suite,  un  s^rieux  besoin  de  coope¬ 
ration  s’est  fait  sentir  entre  les  differents  Observatoircs  et  groupes 
de  recherches.  Pour  tirer  tout  le  parti  des  efforts  individuels,  il 
apparait  desirable  de  mettre  sur  pied  des  coordinations,  des  nomen¬ 
clatures  unifiees,  des  programmes  d’observation  ooUectifs,  des 
centres  de  documentation. 

Los  problemes  poses  par  de  teiies  cooperations  sont  parti- 
oulierement  delicate.  Us  doivent  prc  r  d’une  equitable  justice, 
tenir  compte  des  divergences  d’opinions,  des  consequences  poli- 
tiques,  etc.  D’autres  ecueils  sont  la  sterilite  par  exces  de  procedure 
ou  de  discussions,  sur-organisation  ou  influences  trop  preponderan- 
tes.  Seul  un  corps  constitue  international,  de  tr^s  haut  niveau, 
universellement  reconnu  et  experimente  par  une  longue  pratique 
est  4  mdme  d’entreprendre  une  telle  tache  aveo  une  efficacite 
suffisante.  Get  organisme  superieur  dont  Tautorite  et  I’experienoe 
remontent  dej4  a  plus  de  quarante  deux  ana  est  evidemment 
Y  Union  Aatronomique  Intenuitionale.  De  fa9on  plus  partiouliere, 
les  problemes  de  coordination  dans  I’etude  des  planetes  sont 
assumes  par  la  Commission  16  de  I’U.A.I.  «  £tude  Physique  dee 
Planetes  et  Satellites  ». 

Consoiente  du  tres  rapide  developpement  des  recherches 
planetaires  au  cours  dee  demieres  aimees,  la  Commission  16  de 
rU.A.l.  apporte  tout  son  soin  4  faire  face  aux  besoins  croissants, 
4  preparer  les  problemes  futurs,  4  eviter  toute  rupture  ou  orise 
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et  4  roster  disponible  ponr  toutes  queetioiui  nouvelles  qui  m  poae- 
raient  4  elJe. 

Avant  d’expoeer  lea  projets  intemationaux  d^velopp4s  aotuel- 
lement  sous  les  auspices  de  rUnion  Astronomique  Internationale, 
je  me  propose  de  r^mer  sommairement  quelquea-uns  des  travauz 
r4alia^  oea  demi^res  ann^  par  oette  Commission. 

Les  probl4mes  de  nomenclature  surgirent  pour  la  premiere 
fois  en  1965  4  propos  de  la  planbte  Ifan.  Une  Sous-Commission 
partioulibre  a  4t4  oonstitu^  dans  le  but  d'4tablir  une  nomenclature 
martienne  intmiatioiialement  unifi^.  Le  travail  a  6t6  aohev^  en 
1068  par  la  publication  de  cartes,  listes  de  noma  et  recommanda- 
tions,  disponibles  pour  tons  lee  observateura,  et  devenues  aotuelle- 
ment  d’un  empioi  courant. 

Lee  probl4mes  de  nomenclature  et  de  cartographie  se  poe4rent 
de  nouveau  en  1960  pour  la  Lnne  4  la  suite  du  d6veloppement 
considdrable  des  reoherchee  lunaires  et  des  dangers  inh6rents  au 
manque  de  coordination.  Vera  la  mOme  6poque,  la  d4oouverte  de 
nouveaux  territoires  sur  la  fiime  anitee  de  la  Lune  poea  un  nouveau 
probldme  de  nomenclature  fort  int^ressant.  Ces  questions  ont 
6t6  r^aolues  gr&ce  aux  travaux  de  I'U.A.I.  4  TAsaembl^e  G6n6rale 
de  Berkeley  en  1961.  Un  comitd  a  Hi  6galement  constitu^  pour 
preparer  le  chemin  vers  les  importants  ddveloppements  pr6vus  dans 
I’exploration  lunaire  4  venir. 

Des  fmgramvMS  intemationaux  d’observations  ont  6galement 

propoe^a.  En  particulier,  une  importante  campagne  d’obaer- 
vation  de  la  plan4te  Mars  a  4it6  ooordonn6e  4  Toocasion  des  opposi¬ 
tions  p^rih^liques  de  1964,  1966  et  1968.  Gr&ce  aux  contributions 
financi4res  du  Comit4  Ex4outif  et  de  plusieurs  autres  organismee, 
une  cooperation  a  pu  s’etablir  entre  differents  Observatoirea, 
partiouli4rement  aux  Etata-Unis,  en  France,  en  Gr4oe,  en  Italic, 
au  Japon  et  en  Afirique  du  Sud.  Plusieurs  centaines  de  photographiee 
de  Mars  ont  etd  teoueillies  et  groupees.  Plusieurs  milliers  de  meenres 
de  polarisation  ont  616  relev6es  sur  Mars  ainsi  que  des  mesures 
photom6triqnee  et  dee  determinations  photom6triques  pr6oises.  Les 
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r^sultats  obtenviB  par  oe  grcs  effort  international  ont  d4j4  fait 
I’objet  de  pbisieurs  pubiioationa ;  quelques  conoiusions  nouvelles 
seront  ^galement  donn^ea  au  oours  de  oe  oolloque  et  d’autres 
rdsultats  de  oette  la^e  cooperation  seront  encore  publics  pro- 
ohainement. 

Un  phenomene  astronomique  s’est  presente  le  7  novembre 
1960  oomme  circonstanoe  particulierement  propioe  4  des  observa¬ 
tions  oootdonnees.  A  oette  date,  la  plan^te  Meroure  se  projeta 
devant  le  disque  solaire.  Ce  passage  fouxnissait  une  occasion  exoep- 
tionnelle  de  determiner  de  fa9on  precise  le  diametre  du  globe  de 
Mercure  primitivement  trds  mal  oonnu.  La  planete  se  presentait 
alors  oomme  un  disque  noir  sur  fond  brillant  de  la  photosphere 
solaire.  Trois  prooedes  de  mesures  ont  ete  reoommandes  4  la  Com¬ 
mission  :  aveo  micrometre  d  fils  —  aveo  micrometre  e  double  image 
—  par  photometrie  4  travers  un  diaphragme  oirouloire  dont  le 
diametre  est  legerement  superieur  4  oeloi  de  la  planete,  alter- 
nativement  centre  sur  Timage  et  la  planete  ou  sur  une  r^on 
voisine  du  disque  solaire. 

Dix  observatoiree  participerent  4  ces  observations.  Six  d’entre 
eux  ont  pu  reoueillir  des  donnees,  les  quatre  aulres  ayant  eu  un 
ciel  convert.  Le  resultat  des  mesiues  donne  pour  le  diametre  de 
Meroure  la  valeur  6”63  ±  0”07  ;  la  precision  avteint  1  %.  Les 
observations  anterieu'es  presentaient  des  desaooords  d’au  moins 
5  %.  Ces  resultats  seront  oommimiques  dans  Tun  dee  prochains 
numeros  de  la  revue  « Icarus  ». 

Un  autre  objet  de  cooperation  fui  la  deoouverte  en  avril  1960 
d’une  taohe  brillante  sur  le  disque  de  Satume  4  la  latitude  eievde 
de  -f  550.  Ce  phenomene  est  tree  rare.  La  circonstanoe  imprevue 
foumit  la  premiere  possibilite  d’une  determination  precise  de  la 
periode  de  rotation  de  la  planete  4  oette  latitude  eievde.  La  Com¬ 
mission  a  demande,  par  I’intennediaire  des  Ciroulaires  de  rU.A.I., 
que  des  observations  de  passage  au  meridien  soient  lelevees.  Au 
moins  neuf  Observatoiree  ont  envoye  des  mesures  utUisables  et 
la  periode  de  rotation  resultante  a  ete  trouvee  de  10  h  9.  La 
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mani^re  dont  Is  tsohe  brillante  s’est  d^sagr^^  a  pu  dgalement 
6tre  prdois^. 

L’un  dea  buta  d’lm  orgaae  de  cooperation  intevnstionale  doit 
dtre  aussi  de  reoommander  des  inalrumenUi  d’obaervation  nouveaux 
et  de  lee  rendre  acoeaeiblee  aux  obeervateurs  disponibles  pour 
partioiper  sax  programmes  oolleotifs. 

Deux  appareils  ont  6t6  epeoialement  dtudies  dans  oe  but  par 
la  Commission  pour  r£tude  Physique  des  Plonetes  de  rU.A.I. 

Le  premier  est  on  polarimitre  visuel  de  Lyot.  Cet  instrument 
a  pc'iir  but  de  reoueillir  visuellement  des  mesuree  poUrimetriques 
aveo  une  precision  aussi  eievee  que  1/1000,  sur  de  petitee  regions 
de  h  surface  du  disque  des  planMes.  Le  disque  planetaire  appanut 
strie  par  des  franges  d’interferenoe ;  Tobservateur  ^alise  le  con- 
traste  de  oes  franges  sur  la  region  du  disque  qu*il  a  ohoisi,  pour 
deux  positions  ahematives  d’une  manette.  Ces  polarimetres  sont 
oonstruits  par  la  societe  fiun^aise  Jobin  ft  Yvon.  Les  Observatoires 
dont  Yoici  la  liste  sont  pounms  de  tels  instruments  ou  le  seront 
tres  proohainement  et  peuvent  de  la  sorte  partioiper  4  des  pro* 
grammes  oolleotifs  :  Meudon  (France)  —  Ath^nes  (Greoe)  —  Naini 
Tal  (Indes)  —  Kwasan  (Japon)  —  Genes  (Italie)  —  Harvard 
(U.S  A  )  —  Tucson,  Arizona  (U.SA.)  —  Jet  Propulsion  Laboratory, 
Califomie  (U.S.A.). 

Le  second  instrument  est  un  micromUre  birifringent.  Cet 
appareil  est  base  sur  im  principe  nouveau  etudie  4  I’Observatoire 
de  Meudon  ;  il  est  reprodxiit  en  plusieurs  exemplaires  par  la  Sooidte 
R.  Danger.  Quatre  instruments  sont  aotuellement  en  usage.  Le 
but  est  de  permettre  Tutilisation  de  la  technique  de  la  double 
image  aveo  des  telescopes  de  grand  diam4tre  et  pour  des  separations 
angulaires  importantes.  Par  suite,  le  micrometre  bfrefringrait  est 
capable  de  dormer  des  mesures  de  diametres  plandtaires  en  plusieurs 
longueurs  d’ondes,  aveo  une  precision  voisine  de  quelques  miiliemes 
seulement.  Des  determinations  de  diarndtres  ont  ete  realisees  an 
Pic  du  Midi  depuis  dej4  dix  ans  aveo  le  prototype  de  cet  instrument, 
la  sensibilite  avoisinait  S/1000.  Des  observatioiu  plus  nombreuses 
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aeraient  encore  n^oeeaairee  et  pounront  dire  reoueilliee  dans  diffd- 
rentes  autres  stations. 

Nous  allons  maintenant  examiner  les  programmes  ooUeotifs 
d'obtervationt  photographiquea  de  VSntu  en  lumUre  vJUra-vUAdte 
aotuellement  en  oours  de  realisation  entre  le  1*'  mai  et  le  1*'  aodt 
1962.  L’objet  de  oette  cooperation  est  I’etude  de  la  formation, 
du  mouvement  et  de  revolution  des  nuages  brillants  que  I’on  pent 
deoeler  dans  ratmosphere  de  la  planfete  en  utilisant  la  lumiere 
ultra-violette.  Une  limite  inferieure  de  la  periode  de  rotation  du 
globe  pouira  egalement  etre  obtenue ;  lee  lois  qui  president  aux 
mouvements  oonveotifs  dans  Tatmosphere  de  la  plan^te  pourront 
peut-etre  etre  preoisees. 

Lee  photographies  reoueilliee  cheque  jour  dans  un  seul  obser- 
vatoire  ne  permettent  pas  de  resoudre  un  tel  problfeme  ;  revolution 
des  structures  atmospheriques  eet  si  rapide  que  I’on  ne  peut  gend- 
lalement  pas  reoonnaitre  les  formations  d’un  jour  &  I’autre.  Par 
oontre,  la  cooperation  entre  dee  Observatoires  rdpartis  sous  diffd- 
rentee  longitudes  permet  tme  telle  t&che  ;  elle  entraine  un  pro¬ 
gramme  coUectif  international. 

Depuis  plusieurs  anndes,  un  ddbut  de  cooperation  a  dtd  ddve- 
loppS' entre  I’Observatoire  du  Pic  du  Midi  (France),  la  station 
privde  de  Brazzaville  (Congo),  rObeervatoire  de  rUniversitd  de 
New-Mexioo  (U.S.A.).  Ces  campagnes  d’observation  ont  permis  de 
trouver  4  plusieurs  reprises  trois  ou  quatre  joumdes  oonsdoutives 
durant  lesquelles  des  photographies  fiirent  recueillies  4  des  inter- 
valles  d’environ  douze  heures.  Ces  documents  seront  reproduits 
dans  la  prochaine  publication  des  Transactions  de  I’U.A.I.  II 
appaiuit  avec  evidence  sur  ces  images  que  des  formations  nuageuses 
peuvent  dtre  bien  reoonnues  aprds  un  intervalle  de  douze  heures  ; 
par  oontre,  elles  le  sent  trds  rarement  apres  vingt  quatre  heures. 
Cependant,  les  oliohds  reoueillis  sont  encore  insulBfisants  pour 
permettre  de  rdsoudre  lee  probldmes  proposds. 

Une  nouvelle  campagne  d’observation  beaucoup  plus  complete 
se  ddroule  aotuellement.  Voioi  la  liste,  relevde  dans  I’ordre  des 
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longitadei  dtooiaMntea,  des  ObiervatoirM  qui  partioipent  aotuel- 
lement  4  oe  programme  at  qul  out  aooept^  de  prendre  dee  photo- 
graphiea  ultra-yiolettee  de  V4nu8  ohaqne  (K»i4e  de  beau  tempe  : 
Obaerratoire  lick  (U.S.A.)  —  Obaeivatoire  Lowell  (U.S.A.)  — 
Station  dn  New-Mezioo  (U.S.A.)  —  Obaenratoire  du  Pio  du  Midi 
(France)  —  Obaenratoire  de  Milan  (Italie)  —  Station  privte  de 
Bnunaville  (Congo)  —  Obaervatoire  National  d’Ath^nea  (6r^)  — 
lea  Obaervatoirea  du  Conoile  Aatronomique  de  I’Acaul^mie  dea 
Soienoea  (U.B.S.8.)  —  Obaervatoire  Kwaaan  (Japon). 

J'ai  le  plaiair  de  pouvoir  pi^oiaer  maintenant  que  oet  effort 
international  s’annonoe  d4j4  oomme  on  anoote.  Loraque  j'ai  quitM 
la  France  pour  aasiater  4  oe  oolloque,  j'^taia  d^j4  inform^  qu’au 
moina  80  cliche  ont  6U  r^alia^  d^uis  le  mai.  Au  moina  64  oli- 
ch6a  oouvrent  la  p^riode  du  moia  de  mai  aeulement.  Une  premiere 
6tude  dee  dates  et  heuree  relatives  4  cheque  observation  r6v61e 
que  pluaieurs  p6riodee  d'au  moina  troia  joiirn^  oonaAmtives  aont 
couvertee  par  troia  images  quotidiennee  au  moina.  Par  suite,  oette 
cooperation  permettra  probsblement  de  r^aoudre  plusieura  dea  pro- 
bl^mea  encore  inoonnua  de  la  circulation  atmoaph^rique  de  V6nua 
et  de  aa  rotation. 

La  derni4re  partie  de  oe  rapport  aera  oonaaor^e  aux  Centres 
Intemationaux  de  Documentation  sur  les  photographies  planitaires. 

Depuia  pluaieurs  ann^,  le  ddair  a  6t^  exprim6  fortement 
et  £r6quemment  que  aoient  groupies  dans  des  Centres  de  Docu¬ 
mentation  les  trte  nombreuaes  photographies  plandtaires  obtenues 
depuia  le  d4bnt  du  si4cle  dans  lea  endroits  lea  plus  divers  et  aotuel- 
lement  r^parties  dans  le  monde  entier.  Les  dtudes  synoptiques 
des  plan4tes  ooncernant  de  nombreuaes  ann6es  aont  preaque  im- 
poaaiblea  4  entreprendre  ai  la  documentation  n’est  paa  dispcmible 
dans  un  m6me  lieu  de  travail.  De  plus,  des  ooUections  de  photo¬ 
graphies  de  touts  premiere  valeur,  reoueillies  par  lea  meilleura 
sp^cialistes  4  la  suite  de  tr4e  longues  et  tr4s  patientes  observationa 
nocturnes,  reateront  complMement  perdues  pour  lea  dtudea  pland- 
tairea  ausai  longtempa  qu'elles  demeurwcmt  dea  colleotiona  de  n^a- 


74 


tifs  inooimus  d^poa^g  dans  lee  arohivee  dee  Obeervatoiiee  oil  ellee 
fiirent  prieee. 

Le  projet  trte  important  de  grouper  lea  oolleotions  de  photo- 
graphiee  plandtairee  a  4it6  diaout^  aveo  beauooup  de  aoin  durant 
la  demise  Aaaemblde  Gdn^rale  de  rU.A.l. ;  un  Comity  apdoial  a 
designs  dans  oe  but.  Une  r^hition  a  4it6  adoptde  pour  aider 
la  oonstitution  d’au  moina  deux  Centres  de  Documentation,  dont 
Tun  aerah  8itu4  en  Europe  et  Tautre  aux  £tata-Unis. 

J’ai  le  plaisir  de  pouvoir  faire  oonnaitre  offioiellement  aujour- 
d’hui  que  remplaoement  dea  deux  Centres  de  donn^  de  I’Union 
Astronomique  Internationale  eat  maintenant  d^sign4.  L'un  dea 
Centres  sera  4  VObservatoire  Lowell,  Flagstaff,  Arizona  (U.S.A.), 
et  I’autre  4  VObservaioire  de  Meudon  (France). 

Le  Dr.  J.  Haix,  Directeur  de  rObservatoire  Lowell,  m’a 
^orit  que  son  personnel  entreprend  actuellement  la  tache  consi¬ 
derable  de  reproduiie  le  tr4s  grand  nombre  de  photographies 
plan^taires  qui  ont  ^  recneilliea  depuis  un  demi-si4ole  dans  oette 
station  afin  de  les  rendre  imm^atement  diiqioniblee  4  la  con¬ 
sultation  de  toute  peraonne  intdieas^  par  lea  recherchea  plan^taires. 

Je  dMie  aussi  donner  ici  dee  informations  directes  sur  le 
travail  actuellement  d^eloppd  au  Centre  de  Meudon  aveo  Tassis- 
tanoe  de  mes  ooUaborateurs,  et  plus  partiouli4rement  de  Monsieur 
Marik.  Nous  avons  entrepris  de  grouper  et  reproduire  tout  d'abord 
les  photographies  oonsacr^  4  la  plandte  Mars.  1.108  cliches  de 
Mars  sont  actuellement  r^unis  4  Meudon  et  faoilemcnt  consultablea. 
740  oUch^  sont  reproduits  en  diapositifs  sur  verre,  368  olichAi 
sont  provisoirement  reproduits  sur  papier.  Cette  tr4s  importante 
collection  provient  dee  Obaervatoiree  dont  voici  la  liste  : 


—  Obeervatoire  du  Pie  du  Midi  (Franoe) 

—  Obeervatoire  Lick  (U.S.A.) 

—  Obeervatoire  de  Johanneebwg 

—  Obeervatoire  LotoeU  (U.S.A.) 


:  660  cliches  reproduits 
sur  verre 

:  130  cliches  sur  papier 
:  76  cliche  reproduits 
sur  verre 

:  63  olioye  sur  papier 
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—  Steward  Oheervatory  (U.S.A.) 

—  Obaerwdoire  Kwaaan  (Japon) 

—  Obeervatoire  Bloemfountein 

(Union  Sud  Afrioaine) 

—  Obeervatoire  Mont  Wilson  et 

Palomar  (U.S.A.) 

—  Obeervatoire  de  Havie-Provenee 

(France) 


:  60  olioh^s  sur  papier 
:  64  olioh^s  sur  papier 
:  24  cliches  sur  papier 

:  21  cliches  sur  papier 

6  cliches  reproduits 

BUT  verre 

7  cliohds  sur  papier 


—  Observatoires  Yerkes  (U.S.A.), 

Me  Donald  (U.S.A.),  de  Stalingrad  (URSS) 

The  National  Science  of  Tokyo  :  19  cliches  sur  papier 
(Japon) 


Tons  les  cliches  diapositifs  sur  verre  sont  classes  et  ordonn^s 
dans  des  oasiers  h  double  entr^.  Une  meme  rangde  de  boites  oon- 
tient  leg  documents  montrant  la  planete  au  cours  d’une  meme 
opposition,  chaque  boite  successive  groupant  tous  les  cliches 
relatifs  4  un  m6me  intervaUe  de  longitude  du  m^ridien  central 
croissant  de  SQo  en  30°  d’une  boite  4  la  suivante.  Les  rang^es  perpen- 
diculaires  montrent  la  planete  aux  oppositions  successives.  D  est 
facile  de  la  sorte  de  comparer  une  meme  region  martienne  d’une 
ann6e  4  la  suivante. 

Un  catalogue  d^ill6  de  cette  documentation  est  disponible. 
Chaque  ciioh4  reports  dans  oe  catalogue  peut  etre  reproduit  et 
envoys  sur  demande.  Les  cheroheurs  qui  d^sireraient  consulter 
cette  documentation  intemationale  sont  les  bienvenus  4  I’Obser- 
vatoire  de  Meudon  pour  tirer  parti  de  cette  collection. 

Malheureusement,  cette  importante  collection  pr^sente  encore 
des  lacunes.  Pliisieurs  series  de  photographies  martiennes  n’ont 
pu  encore  6tre  rendues  accessibles  et  reproduites.  En  raison  de 
I’importance  de  oe  travaU,  nous  oherohons  4  completer  oes  lacunes 
aussi  rapidement  qu’il  nous  est  possible.  Bien  entendu,  le  travail 
photographique  de  copies  de  nombreux  cliches  reste  important  et 
oodteux  ;  il  represents  une  charge  ^vidente  pour  I’Observatoire 
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ooiioem4.  Quoi  qu’il  en  soit,  nous  esp^rons  que  les  Direoteiirs  de  oes 
Observatoires  oomprendront  Timportanoe  du  probl^me  et  pourront 
apporter  leur  oonoours,  soit  en  rendant  disponibles  poor  I’Union 
^Vstronomique  Internationale  les  oolleotions  de  olioh6s  originauz 
n^gatifs  reoueillis  dans  leur  ^tablissement,  soit  mSme  en  oontri- 
buant  au  travail  photographique  de  leur  reproduction. 

Je  me  permets  de  sollioiter  oes  contributions  paroe  que  le 
groupement  de  tous  les  documents  photographiques  plan^aires 
existants  prend  une  importance  partiouli^re  k  I’^poque  critique 
actueUe  ob  s'ouvre  I’exploration  directe  du  systeme  solaire  et  aussi 
parce  que  tout  document  manquant  ne  peut  que  r^duire  la  valeor 
des  etudes  synoptiques  sur  les  plan^tes  d4jb  si  difficiles  k  entre- 
prendre. 
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7.  —  GENERAL  REPORT  ON  RADIATION  TRANSFER 

IN  PLANETS  : 

SCATTERING  IN  MODEL  PLANETARY  ATMOSPHERES 

H.  C.  VAN  DB  HULST  and  W.  M.  IRVINE 
Leidtn  Obtervatory,  Ltidm,  Netherlands 

I.  Introduction 

There  is  a  vast  literature  on  radiative  transfer  theory.  Chan¬ 
drasekhar’s  book  in  1950  was  very  comprehensive,  but  work 
has  continued,  and  by  now  we  may  examine  besides  numerous 
papers  and  reports  at  least  five  books  for  further  detailed  methods 
and  results  (^)  (*)  (*)  (**)  (*^).  The  work  of  Ueno,  consisting  of  about 
20  papers,  might  also  be  considered  as  a  book  (see  for  instance  (**)). 

In  front  of  this  pile  of  achieved  work  we  have  asked  the  simple 
question  :  To  what  extent  ia  thie  work  helpful  in  interpreting  present 
(or  future)  obaervatioru  of  planets  ?  To  our  surprise  the  answer  to  this 
question  is  still  disappointing.  There  are  still  many  simple  questions 
to  which  one  would  like  to  have  a  simple  answer,  which  just  is  not 
available.  It  turns  out  that  either  the  question  has  never  been 
raised  in  that  form,  or  the  answer  has  been  obtained  in  principle, 
but  nobody  has  gotten  around  to  computing  the  values  of  the 
required  functions. 

We  feel  that  there  often  has  been  undue  emphasis  on  mathe¬ 
matical  method  and  form  of  presentation,  even  in  the  work  of  the 
professed  astrophysicists.  In  our  opinion,  a  proof  of  existence  or  of 
convergence  may  be  avoided  whenever  it  is  possible  to  refer  to 
the  perfectly  definite  physical  meaning  of  the  quantities  involved. 
We  think  this  is  legitimate  in  a  study  of  models  umed  at  application 
to  astrophysics.  And^more  emphasis  could  stUl  be  placed  on  graphs 
and  tables  as  end  products,  rather  than  formulae.  Much  has  been 
done  in  this  direction  for  finite  plane-parallel  atmospheres  both 
with  isotropic  and  with  Rayleigh  scattering,  but  even  for  these 
relatively  simple  phase  functions  there  still  is  an  uncomfortable 
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gap  for  optical  thicknesses  in  the  range  1  <  Tx  <  oo.  Transfer  pro¬ 
blems  of 'direct  ph3rsical  importance,  say,  referring  to  the  radiation 
balance  and  the  greenhouse  effect,  or  to  polarization  of  light  diffu¬ 
sely  reflected  from  clouds,  have  often  been  made  with  the  crudest 
mathematics.  This  could  be  remedied  fairly  easily. 

In  reviewing  the  data  now  available  we  have  taken  an  earlier 
review  (’*)  in  1949  as  a  convenient  starting  point.  In  the  present 
paper,  however,  our  aim  has  been  confined  to  reviewing  the  proper¬ 
ties  of  simple  models.  We  omit  a  critical  discussion  of  observational 
data  and  any  discussion  of  the  physical  theory  of  pressure  and 
temperature  distribution. 

The  review  is  grouped  under  five  headings  : 

II.  Nearly  isotropic  scattering, 

in.  The  scattering  diagram  of  large  drops, 

IV.  The  method  of  successive  scattering, 

V.  Absorption  bands, 

VI.  Variations  on  the  standard  problem. 

II.  Nkarly  isotropic  scattrring 


We  include  isotropic  scattering  and  Rayleigh  scattering  in  this 
section  because  they  both  have  been  used  rather  extensively  in 
transfer  theory  and  because  Rayleigh  scattering  is  not  vastly 
different  firom  isotropic.  In  particular,  we  define  the  asymmetry 
factor  g  for  a  given  pcuticle  phase  function  (b  (cos  a)  as  the  weighted 
mean  of  the  cosine  of  the  scattering  angle  with  the  phase  function 
as  weighting  function.  That  is. 


-  1 

=  coe«  =  -J_^ 


d  (cos  a)  cos  a  <I>  (cos  a) 


(1) 


(when  neoessaiy,  an  average  over  polarizations  must  be  included). 
Then  g  is  zero  in  both  these  cases.  This  means  that  in  many  model, 
calculations  not  involving  polarization  the  results  for  isotropic 
scattering  and  Rayleigh  scattering  may  be  expected  to  be  roughly 
similar. 
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Two  further  phase  functions  have  been  employed,  namely 

a.  The  Rayleigh  phase  function  (Rayleigh  scattering  ignoring 
polarization) 

<I>  (a)  =  i  (1  +  008*  a) 

A 

We  can  forget  about  this  possibility  now  that  better  data  on  actual 
Rayleigh  scattering  are  available. 

b.  The  phase  function 

d>  (a)  =  1  +  35  cos  % 

This  has  been  used  by  several  authors  (**)  (**)  (**)  as  a  test  case 
for  asymmetric  phase  functions.  This  is  quite  suitable  for  small 
as3rmmetries.  However,  the  asymmetry  factor  belonging  to  this 
phase  function  is 

g  =  */3 

Since  x  can  be  at  most  1  (then  the  backscatter  becomes  0),  g  can 
be  at  most  1  /3,  which  is  too  small  to  serve  as  a  test  case  for  scatter¬ 
ing  by  droplets.  For  this  reason  we  suggest  in  section  III  a  phase 
function  in  which  g  can  go  all  the  way  from  0  to  1 . 

About  the  isotropic  scattering  itself  nothing  new  of  great 
importance  can  be  reported.  Since  the  appearance  of  Chandra¬ 
sekhar’s  book  the  X-  and  Y-  functions  for  finite  plane-parallel 
atmoephei'es  with  =  0.05  to  1  and  various  albedo  values  have 
been  tabulated  (*)  (*).  In  addition,  values  of  these  functions  are 
available  for  selected  values  of  the  albedo  a  (less  than  1)  for 
in  the  range  1  <  x,  <  10  (**). 

Reference  should  also  be  made  to  the  very  thorough  numerical 
results  for  the  H-  functions  (semi-infinite  atmosphere)  given  by 
Stibbs  and  Weir  (**),  which  includes  the  approximation  by  poly- 
nomicds  of  the  complete  set  of  H-  fimotions 

(0  <  a  <  1,  (X  =  0  (0.06)  1). 

Further,  a  good  deal  has  been  done  about  the  firmer  mathe¬ 
matical  foundation  of  the  methods  used  (Busbridge’s  book),  as 
well  as  about  new  methods  or  new  variations  on  old  methods 
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(e.  g.,  Sobolev’s  and  Ueno’s  work).  These  latter  authors  consider 
radiative  transfer  as  a  problem  in  stochastic  theory.  None  of  this 
is  of  particular  relevance  in  the  present  context. 

The  transfer  of  radiation  in  an  atmosphere  with  Rayleigh 
scattering  has  always  been  considered  as  a  master  problem.  In  it 
the  mathematical  complexities  arising  from  anisotropic  scattering 
and  from  polarization  are  combined,  and  a  direct  test  can  be  found 
in  the  blue  daylight  sky. 

A  complete  solution  was  first  given  by  Chandrasekhar  in 
several  papers  in  1946-47  and  repeated  in  his  book  Radiative 
Transfer.  Theoretical  novelties  since  that  time  are  Lenoble  and 
Sekera’s  discussion  of  the  correction  for  curvature  in  a  spherical 
Rayleigh  atmosphere  (***)  and  MuUikin’s  more  careful  evaluation 
of  the  restraints  to  be  placed  on  the  solutions  of  the  integral 
equations  (**).  Full  tables  concerning  the  illumination  and  pola¬ 
rization  of  the  sunlit  sky  by  Chandrasekhar  and  Elbert  appeared 
in  1954  («), 

Further  numerical  tables  based  on  the  same  formulae  had  in 
the  mean  time  been  computed  under  the  direction  of  Z.  Sekera 
in  various  reports  and  papers.  Sekera’s  handbook  paper  (**)  gives 
full  details.  More  complete  tables  by  Coulson,  Dave  and  Sekera 
have  recently  appeared  (•).  This  book  gives  equally  extensive  tables 
on  the  light  emerging  from  the  top  of  the  (planetary)  atmosphere, 
as  it  gives  on  the  light  visible  at  the  bottom  of  the  (earth)  atmos¬ 
phere.  Surface  albedos  adopted  are  A  =  0,  0.25  and  0.8  ;  optical 
depths  are  Tj  =  0.02,  0.05,  0.10,  0.16,  0.26,  0.50,  1.00.  Several 
results  from  these  latter  calculations  have  been  presented  with 
comments  and  graphical  illustrations  by  Coulson  in  two  papers 
in  1959  (*)  (’).  A  very  useful  presentation  of  these  results  in  the 
form  of  maps  has  been  given  in  a  separate  report  (**),  from  which  we 
reproduce  for  illustration  figure  1. 

As  a  further  iUustration,  which  has  a  direct  interest  in  the 
interpretation  of  now  available  data,  we  present  figure  2.  Here 
the  degree  of  polarization  has  been  plotted  for  a  planet  in  exact 
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opposition.  The  absoisss  is  r/r,  =  Vl  —  cos*  (angle  of  inoidenoe). 
All  polarizations  are  negative,  which  means  that  the  plane  of  electric 
vibration  is  in  the  prime  meridian  (in  the  plane  containing  the 
normal  and  the  direction  of  inoidenoe).  That  this  must  be  so  can 
readily  be  seen  for  a  thin  atmosphere  above  a  black  surface  (A  =  0) 
viewed  in  an  oblique  direction  —  the  primary  scattered  radiation 
has  p  =  0,  but  the  illumination  leading  to  secondary  scattering 
comes  predominantly  firom  directions  giving  n^ative  p. 


Fig.  2.  —  Degree  of  polarization  near  the  limb  of  a  planet  in  oppoeition  cove¬ 
red  by  a  Rayleigh  atmosphere.  Calculations  for  two  values  of  the  surface 
albedo  A  and  five  values  of  the  optical  depth.  Observations  (vertical  batching) 
by  Lyot  for  polar  areas  of  Jupiter. 

The  full  curves  in  the  left  and  right  figures  (ti  =  oo)  are  the 
same  as  the  curve  given  in  Figure  36  of  the  1949  review  paper  (^*). 
The  observed  data  show  the  approximate  position  of  Lyot’s 
polarization  measurements  for  Jupiter’s  polar  areas  (**).(*)  The 
curves  for  finite  Xj  were  constructed  from  the  new  tables  of  Coulson 

(*)  These  correspond  to  the  range  of  polarization  displayed  by  the  four 
illustrative  examples  in  Lyot’s  Figure  14  ;  his  table  X  shows  that  these  were 
typiccd.  We  are  grateful  to  Dr.  T.  Qehrels  for  pointing  out  that  Lyot’s  data 
were  inoorieotly  plotted  (factor  of  2  in  the  abscissa)  in  Figure  36  of  ('*). 
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et  al.  (*).  It  is  to  be  noted  that  the  polarization  for  =  0.5  and 
1.0  exceeds  that  for  a  semi-infinite  atmosphere  if  there  is  no 
reflection  from  the  surface.  Since  the  observed  albedo  of  Jupiter  is 
about  0.73,  the  curves  appear  to  confirm  the  tentative  explanation 
given  in  (“).  The  polar  areas  seem  to  be  covered  by  a  fairly  thick 
Rayleigh  atmosphere  (0.6  <  Tj  <  1).  Farther  from  the  limb 
(r/fo  <  0.8)  this  atmosphere  is  considerably  thinner,  indicating 
that  the  underlying  clouds  are  relatively  higher  as  we  approach  the 
equatorial  zone. 

The  obsei-vations  suggest  a  tendency  for  the  polarization  to 
become  positive  for  r/r,  <  0.7.  A  tendency  for  positive  polari¬ 
zation  might  arise  from  two  effects. 

a.  If  the  opposition  is  not  exact,  the  primary  scattered 
radiation  is  positively  polarized.  An  angle  of  170°  instead  of  180° 
would  give  p  ~  0.004  for  the  primary  scattering  ;  hence  this  effect 
is  small. 

b.  If  the  surface  does  not  reflect  according  to  Lambert’s  law 
(as  assumed  by  Coulson  et  al.)  but  shows  limb  darkening  as  seen 
from  a  point  within  the  atmosphere,  the  radiation  which  is  scattered 
once  after  reflection  from  the  surface  is  again  positively  polarized. 
This  effect  may  be  more  substantial. 


III.  SOATTKRING  DIAOBAU  OF  LABOK  DROPS 


The  actual  scattering  diagram  of  a  cloud  droplet  or  aerosol 
particle  is  very  complex,  even  when  a  distribution  of  particle  sizes 
is  assumed  so  that  the  fiercest  intensity  peaks  are  smoothed  out. 
Nonetheless,  we  believe  that  a  great  deal  of  useful  information 
could  be  obtained  by  approximating  such  a  scattering  diagram  by 
means  of  the  simple  phase  function  first  introduced  by  Henyey 
and  Greenstein  (^°), 


®  (cos  a)  — 


(1  -|-  —  2  g  cos  a)*'* 


(2) 
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g  ia  for  this  phase  function  just  the  a83anmetr7  factor  defined  by 
eq.  1.  The  g  may  range  all  the  way  from  0  for  isotropic  scattering 
to  1  for  an  infinitely  narrow  forward  beam  (g  may  also  take  negative 
values  if  predominantly  backward  scattering  is  considered,  such  as 
occurs  for  small  spheres  with  a  very  large  refractive  index  m). 

The  quantity  cos  a  can,  of  course,  also  be  defined  for  the  true 
particle  scattering  diagram.  It  is  closely  related  to  the  radiation 
pressure  exerted  on  the  scattering  particle,  and  is  in  fact  given  by 


cos  a  = 


where  and  Cpr  are  the  cross  sections  of  the  particle  for 

extinction,  scattering,  and  radiation  pressure  (^*). 

The  value  of  cos  a  corresponding  to  the  actual  scattering 
diagrams  of  particles  has  been  discussed  by  van  de  Hulst  (^*). 
A  formula  expressing  cos  a  in  terms  of  a  series  involving  the  Mie 
coefBcients  and  valid  for  spheres  of  arbitrary  size  and  complex 
refractive  index  is  given  in  sec.  9.32  of  reference  (“),  as  are  some 
approximate  results  for  special  cases  of  this  formula.  Numerical 
results  are  given  for  totally  refiecting  spheres  and  for  very  large 
dielectric  spheres.  These  last  results,  which  were  taken  from  a 
paper  by  Debye,  are  reproduced  in  Table  1. 


Tabus  I 

Weighted  mean  of  the  eoeine  of  the  eoattering  angle  for  epheree  large  compared 

to  the  wave  length 


refr.  index 

008  a 

Y 

m 

with  diffraction 

'without  diffraction 

1.00 

1.00 

1.00 

1.1 

0.96 

0.92 

1.333 

0.87 

0.74 

1.6 

0.82 

0.64 

2.00 

0.70 

0.40 

3.00 

0.66 

0.10 

4.00 

0.62 

0.04 

00 

0.60 

0 

1.27-1.82i 

0.78 

0.14 
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For  these  large  spheres  half  of  the  scattered  light  is  in  the 
form  of  a  narrow  forward-directed  diffraction  cone  and  the  question 
naturally  arises  whether  this  diffraction  should  be  included  and, 
therefore,  which  of  the  two  quantities  y  and  cos  a  from  Table  1 
should  be  used  in  the  Henyey-Gieenstein  phase  function  (2). 
In  some  oases  it  may  be  beet  to  choose  g  =  y  at  the  same  time 
taking  the  scattering  cross-section  as  that  due  to  reflection  and 
refiraotion  alone  thus  treating  the  difiraoted  light  as  though  it  were 
unsoattered. 

The  last  line  of  Table  1  shows  the  effect  of  absorption  in  a 
large  sphere  (sec.  14.23  of  reference  17).  The  absorption  outs  out 
the  refracted  light,  which  greatly  affects  the  value  of  y  whereas 
cos  a  is  diminished  only  slightly  as  compared  to  the  value  for  tn  =* 
1.27. 

With  diminishing  size  of  the  spheres,  the  diffraction  pattern 
widens  and  cannot  be  distinguished  any  longer  from  the  reflected 


Fig.  3.  —  Dashed  ourvee  :  Total  intensity  eoattering  diagram  f<w  droplets 
with  m  l.SS  and  two  values  of  the  size  parameter  x  =  27ca/X.  Solid  ourvee  : 
Heoyey-Qreenstein  phase  function  tor  g  =  0.6  and  0.76. 
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and  refraoted  light.  In  these  oiromnstanoes  it  is  necessary  to  use 
g  =3  oos  a.  Numerical  data  could  easily  be  computed  from  the  Mie 
formulae.  They  are  indeed  available  in  the  literature,  for  9  is  1/3 
of  the  coefficient  tabulated  in  (30)  and  unpublished  reports  by 
the  same  authors. 

In  figure  3  we  compare  the  scattering  diagram  of  spherical 
water  droplets  for  two  values  of  the  size  parameter  x  =  2v:afk 
(a  =  radius)  with  the  Henyey-Greenstein  phase  function  for  g  =  0.5 
and  0.76.  It  would  seem  that  a  value  of  g  slightly  less  than  0.76 
would  provide  a  reasonable  approximation  to  the  actual  curves 
(we  have  not  calculated  cos  a  or  y  directly  from  the  droplet  scat¬ 
tering  diagrams).  We  have  also  drawn  similar  curves  (not  shown) 
for  a  distribution  of  sizes  around  the  given  values  of  z,  based  on  the 
work  of  Houziaux  and  Battiau  (**).  These  were  not  greatly  different 
firom  the  curves  for  a  single  size. 

The  agreement  shown  in  Figure  3  is  by  no  means  excellent. 
It  is  obvious  that  this  could  be  improved  by  using  a  more-parameter 
formula.  For  the  moment,  however,  a  qualitative  exploration  of  the 
effects  of  asymmetry  by  the  formula  (2)  with  one  parameter  only 
seems  preferable. 

IV.  Method  of  Successive  Scattebino 

It  is  well  known  that  in  the  case  of  isotropic  scattering 
the  intensity  of  radiation  in  a  plane-parallel,  homogeneous  layer 
may  be  developed  as  an  infinite  series,  the  n-th  term  of  which  repre¬ 
sents  radiation  which  has  been  scattered  just  n-times.  Exactly  the 
same  thing  may  be  done  in  the  case  of  anisotropic  scattering  accord¬ 
ing  to  the  phase  function  (2).  Once  the  incident  intensity  Ig  is  given, 
we  may  proceed  in  order  to  find  Si  (the  source  function  for  once- 
scattered  light),  I„  Sg,  etc.  We  wish  to  point  out  particularly 
two  facts  in  connection  with  this  method  of  sitcceasive  ecaUering 
which  seem  to  have  escaped  prior  notice. 

First,  let  the  resulting  intensity  of  the  n-times  scattered 
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radiation  in  the  absence  of  absorption  and  for  an  optical  depth 
Ti  be  denoted  by  I„,  so  that  the  total  intensity  is 

1=21- 

n 

Now  let  us  introduce  an  arbitrary  albedo  a  for  the  scattering 
particles,  and  in  addition  immerse  these  particles  in  a  homo¬ 
geneous  absorbing,  but  non-scattering,  gas.  The  extinction  coeffi¬ 
cient  for  the  atmosphere  will  then  be  the  sum  of  three  terms  : 
<T,  the  scattering  coefficient  caused  by  the  particles  ;  x,  the  absorp¬ 
tion  coefficient  caused  by  the  particles  ;  and  x,,  the  absorption 
coefficient  caused  by  the  gas  molecules.  Each  coefficient  may  be 
defined  to  have  the  dimension  length"'  (number  density  times 
cross  section).  We  set  the  ratio  of  particle  extinction  to  total 
extinction  equal  to  p,  so  that 


P 


a  +Y. 

or  -f  X  -f  X, 


(4) 


If  we  now  choose  the  geometric  thickness  of  the  atmosphere  such 
that  the  optical  depth  is  still  Tj,  we  find  that  the  total  intensity  is 
given  by 

1  =  2 

fl 

where  1^  still  represents  the  functions  found  for  the  conservative 
case  {a  —  p  —  1).  That  is,  we  may  express  the  solution  for  arbi¬ 
trary  particle  albedo  and  absorption  coefficient  of  the  gas  in  terms 
of  the  solution  in  the  absence  of  absorption,  if  we  use  the  same 
total  optical  depth  Tj  in  both  oases.  It  should  be  noted  that  this  is 
not  the  situation  encountered  inside  and  outside  a  gas  absorption 
line,  where  the  total  optical  depth  will  be  greater  inside  the  line. 

We  also  observe  that  only  the  product  op,  which  may  he 
called  the  effective  albedo,  enters  the  equation  (6). 

The  usefulness  of  this  method  depends  on  the  rapidity  of 
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convergence  of  the  infinite  series,  and  the  accuracy  with  which 
terms  of  higher  order  may  be  approximated. 

Our  second  point  of  emphasis  is  the  expectation  on  physical 
grounds  that  a«  «-)-oo,  the  ratio  of  successive  terms,  I„+i/I„ 
or  1 1  S„,  approaches  a  constant  t)  that  is  independent  of  angle, 
depth  in  the  atmosphere,  and  of  tne  original  source  of  the  radiation 
(incident  radiation  or  sources  within  the  layer),  rj  is  in  fact  an  eigen¬ 
value  defined  by  just  the  equation  which  determines  in  neutron 
transport  theory  the  critical  chemical  composition  of  a  medium 
for  it  to  have  a  self-substaining  neutron  flux  (cf.  (*)).  In  the  present 
case  is  that  value,  greater  than  one,  which  the  particle  albedo 
would  have  to  assume  in  order  for  the  newly  generated  energy  to 
compensate  exactly  the  losses  of  radiation  taking  place  at  both 
surfaces  of  the  layer. 

If  our  intuition  is  correct,  then  the  factor  t)  is  a  function  of  g 
and  Tj.  It  should  be  relatively  easy  for  computational  purposes  to 
check  when  I,+,  / 1,  becomes  suflBciently  independent  of  angle 
and  optical  depth  in  the  layer  so  that  it  repeats  at  the  next  n. 
From  that  v'alue  of  n  on,  the  sum  of  the  series  in  the  method  of 
successive  scattering  may  be  replaced  by  I„  /  (1  —  tj),  the  sum  of  a 
geometric  series. 

We  have  recently  made  some  preliminary  machine  calculations 
based  on  the  method  of  successive  scattering,  both  in  the  case  of 
parallel  radiation  incident  on  a  finite  atmosphere  and  for  a  homo¬ 
geneous  distribution  of  sources  within  the  atmosphere.  In  all  cases 
the  expectation  expressed  above  has  been  confirmed.  Earlier  desk 
computations  by  van  de  Hulst  and  Davis  for  a  homogeneous 
source  distribution  also  found  a  rapid  approach  to  a  geometric 
series.  In  figure  4  we  illustrate  aU  the  values  of  tj  that,  to  our  know¬ 
ledge,  have  been  found  for  various  g  and  r^.  The  results  for  Ti  =  0.8 
and  0.6  are  taken  from  (^*),  and  the  other  points  are  new. 

If  we  assume  that  the  factor  exists,  then,  when  the  scattering 
is  isotropic,  approximative  formulae  may  be  found  fairly  simply. 
Figure  6  is  based  on  such  formulae.  The  lower  curve  was  found  by 
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taking  the  ratio  of  the  first  to  the  zeroth  order  source  fonotion, 
each  averaged  over  optical  depth  in  the  layer  t,  for  the  case  of  a 
homogeneous  distribution  of  sources  in  the  medium  and  no  incident 
radiation.  The  upper  curve  was  obtained  on  the  assumption  that 
near  the  top  and  bottom  surface  of  an  optically  thick  atmosphere 
with  such  a  distribution  of  sources,  the  source  fimotion  would  be 
approximately  that  of  a  semi-infinite  atmosphere  with  a  constant 
net  flux. 


Fig.  4.  —  Ratio  between  moceesive  gcstterings  as  a  function  of  optical 
depth  Tt  and  asynunetry  index  g.  Only  the  points  indioated  have  been 

computed. 

Figure  6  and  figiue  7  give  some  results  from  our  new  calcu¬ 
lations  for  the  integrated  intensity  reflected  from  a  Henyey- 
Greenstein  atmosphere  illuminated  by  parallel  radiation  incident 
normally. 
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•  i  !»  li  li  i  i  i  i  d 

Fig.  6.  —  Ratio  T)  between  eucoeasive  aoatterings  for  iaotropio  aoattering. 
Approximations  valid  for  small  t,  and  for  large  t,  are  shown,  as  well  as 
two  points  exactly  computed.  The  abscissa  corresponds  to  a  linear  scale 

of  T,/(l  +  Ti). 


Fig.  6.  —  Reflectivity  of  a  Henyey>Qreenstein  atmosphere  of  optical  depth 
T,  «  0.2S  for  normal  incidmoe  and  unit  particle  albedo  as  a  function  of  the 
asymmetry  factor  g  (Calculated  points  0^0,  0.2S,  O.SO,  0.76). 
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7.  —  Proportion  of  once-scattered  light  in  the  integrated  flux  reflected 
from  a  Henyey-Greenstein  atmosphere  of  optical  depth  t,  =  0.25  for  normal 
incidence  and  unit  particle  albedo  as  a  function  of  g. 


V.  Absorption  bands 

For  a  wavielengfth  interval  in  which  the  atmospheric  parameters 
a,  g,  p,  and  Tj  are  constant,  the  inclusion  of  absorption  in  the  pro¬ 
blem  is  accomplished  very  simply  (eq.  5).  Within  an  absorption 
band,  however,  these  parameters  will  in  general  vary  so  rapidly 
that  their  values  at  a  given  frequency  cannot  be  seperately  measured 
or  computed.  Only  certain  averages  characteristic  of  the  band  as 
a  whole  will  be  known,  and  the  previous  analysis  does  not  apply. 

The  effect  of  absorption  will  be  dependent  on  the  length  of 
path  travelled  by  a  beam  of  light,  so  that  we  are  led  to  consider 
P„  {1)  dl,  the  probability  in  the  absence  of  absorption  that  a  photon 
contributing  to  /„  has  travelled  on  optical  path  for  scattering  between 
I  and  I  dl.  If,  in  addition  to  this  probability  the  average  trans¬ 
mittance  ({;  (f,)  for  a  geometric  path  ^  at  the  particular  wavelength 
interval  is  sought,  the  final  intensity  will  again  be  given  by  an 
infinite  series.  Each  term  of  the  series  will  be  a  product  of  the 
intensity  of  the  n-times  scattered  light  in  the  absence  of  absorption 
In,  times  a  factor  depending  on  the  transmittance  (|;  and  the 
probability  for  a  given  path  length  P^.  This  last  factor  represents  the 
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attenuation  due  to  absorption.  Indicating  explicitly  the  dependence 
of  the  intensity  ou  optical  thickness  of  the  atmosphere  ti  and 
optical  depth  within  the  atmosphere  t,  we  find  for  the  desired 
intensity 

I  (t,  Tj)  —  2  I 

2  is  the  geometric  depth  of  the  point  of  interest  and  h  is  the  geo¬ 
metric  thickness  of  the  layer.  Observe  that,  in  contrast  to  eq.  6, 
I  and  In  are  here  evaluated  for  different  optical  depths,  but  for  the 
same  z  and  h. 


Fig.  8.  —  Mean  optical  path  travelled  by  once  eoattered  light  reflected  from 
a  Henyey-Greenstein  atmosphere  of  optical  depth  t,  and  unit  particle  albedo 
for  angle  of  incidence  ==  angle  of  reflection  =  Arc  cos  (x. 

If  the  probability  P,  (1)  is  known,  we  may  also  find 


<5>s  =  J  f  dilPsiO 

"•'o 

(7) 

(8) 

*  IS 

the  mean  geometric  path  travelled  by  light  scattered  n  times  and 
this  mean  for  the  total  intensity,  respectively.  The  latter  quantity 


is  important  in  any  attempt  to  determine  abundances  of  molecular 
species  by  comparison  of  observed  absorption  lines  with  laboratory 
spectra  formed  for  a  known  path  length. 

In  order  to  find  the  probability  of  a  given  optical  path  P«  (1), 
we  subdivide  the  intensities  and  source  functions  firom  the  method 
of  successive  scattering  into  contributions  corresponding  to  various  I 
so  that 


•'A 


and 


S. 


Pa  (0  is  then  obviously  given  by  the  ratio 

Wad) 


P.  d)  = 


I. 


(9) 


The  successive  terms  Wa  d)  "^7  ^  found  by  the  method 

of  successive  scattering.  In  this  way  we  have  obtained  for  refieoted 
light 


p.  (0  =1' 


e-"'  —  T«'  <  I  <Tis'  +  s  (ti  —  t)  (10) 

0  otherwise 


where 

«'  =  sec  (angle  of  incidence)  >  0, 

«  =  sec  (angle  of  reflection)  >  0. 

From  eq.  (10)  may  be  found  <l>j  =  o  <^>i,  the  mean  optical 
path  travelled  by  once-scattered  radiation  reflected  from  a  conser¬ 
vative  atmosphere.  In  figure  8  <1  >x  is  plotted  as  a  function  of 
optical  depth  for  the  case  (angle  of  incidence)  =  (angle  of  reflection). 
It  is  seen  to  be  independent  of  the  asymmetry  factor  g  and  of 
azimuth. 

<l  >1  approaches  unity  as  Tj  -►  oo  or  as  we  approach  grazing 
inddenoe. 

For  light  reflected  firom  a  semi-infinite  atmosphere  a  general 
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expression  for  F,  (1)  may  be  found  by  equating  (5)  and  (6)  at  a  given 
infinitely  narrow  wavelength  interval.  The  result  is  extremely 
simple, 


(»  —  1)!’ 


(H) 


which  is  independent  of  angle  and  of  the  particle  phase  function  in 
aU  orders  of  scattering.  From  this  result  it  follows  that 

<l>n  =  n 

for  reflection  from  a  semi-infinite  atmosphere. 


VI.  VAniATIONS  ON  TEX  8TANDABD  PROBLEM 

Up  to  this  point  we  have  been  considering  primarily  the 
following  idealized  standard  problem.  A  plane-parallel,  homoge¬ 
neous  gas,  is  illuminated  obliquely  from  above  by  monochromatio 
radiation  from  a  distant  source.  The  intensity  of  radiation  I  (t,  6,  9) 
is  sought  as  a  function  of  optical  depth  from  the  top  of  the  layer 
to  the  point  considered  and  of  two  angular  coordinates.  This 
intensity  will  also  depend  upon  the  angle  of  incidence  6,  and  the 
parameters  characterizing  the  atmosphere,  g,  and  the  product 
ap. 

For  an  interpretation  of  phenomena  in  planetary  atmospheres 
several  additional  variations  and  complications  should  be  intro* 
duced ;  the  manner  to  cope  with  these  may  be  judged  after  the 
standard  problem  has  been  solved.  Among  these  added  compli¬ 
cations  we  mention  : 

a.  A  diffusely  reflecting  surface  below  the  atmosphere.  This 
does  not  introduce  much  of  a  difficulty,  compare  (^*)  or  (*). 

b.  Different  scattering  patterns  for  different  polarieaticns. 
If  these  could  be  introduced  without  appreciably  complicating  the 
form  of  the  expression  (2),  the  work  might  be  approximatdy 
multiplied  by  r.  factor  4  (four  Stokes  parameters).  However,  it  is 
questionable  whether  this  could  indeed  be  accomplished. 
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0.  Scattering  patteme  corresponding  to  actual  particha  or  droplets. 
Even  if  a  mixture  of  sizes  is  assumed  so  that  the  fiercest  peaks  in 
intensity  and  polarization  are  smoothed  out,  the  problem  would 
still  seem  extremely  difficult  (compare  (*’)). 

d.  Broad-band  molecular  absorption.  See  section  V. 

e.  Inhomogeneous  atmospheres.  Variations  of  particle  size  or 
composition,  particle  density,  and  the  ratio  of  molecular  absorption 
to  particle  extinction  will  occur  in  most  practical  applications. 
They  can  be  introduced  in  any  solution  method  at  the  expense  of 
more  numerical  work.  A  theoretical  treatment  of  this  question  has 
been  given  by  Yanovitskii  (*•),  who,  however,  includes  no  numerical 
results. 

f.  Curvature  of  the  atmosphere.  This  complication  may  not 
often  occur  together  with  the  nt  i  to  consider  strongly  anisotropic 
scattering. 

g.  Local  illumination  or  shadow.  If  the  incident  light  differs  in 
any  way  from  a  parallel,  infinitely  extended  beam,  the  radiation 
field  depends  not  only  on  the  depth  but  on  two  further  coordinates 
of  position  in  the  atmosphere.  Such  problems  occur,  for  example, 
upon  illumination  by  a  narrow  search  light  beam,  by  a  point  source 
close  to  the  atmosphere,  or  in  cases  where  integration  over  the  solar 
disk  is  required.  The  solution  is  bound  to  be  more  complex  than  that 
of  the  standard  problem.  If  such  problems  are  solved,  other  ques¬ 
tions  for  instance,  regarding  the  visibility  of  surface  details  and  the 
sharpness  of  the  shadow  of  a  natural  or  artificial  satellite  above 
the  atmosphere,  may  be  answered  with  esse. 

h.  Time  dependent  problems.  A  beginning  in  this  direction  has 
been  made  by  Sobolev  (**).  Much  more  has  been  done  in  the  litera¬ 
ture  on  neutron  diffusion. 
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8.  —  GENERAL  REPORT 
ON  PLANETARY  RADIO  ASTRONOMY 

CoBNKLL  H.  MAYER 
Radio  Aatronomy  Branch 
U.  S.  Naval  Resectreh  Laboratory 
Washington,  D.  O.,  V,  8.  A. 

Some  results  of  the  radio  observations  of  the  planets  which  have 
been  made  over  the  past  few  years  are  well  known.  For  example, 
the  centimeter  wavelength  radiation  from  Venus  with  a  thermal- 
like  spectrum  which  suggests  a  temperature  in  excess  of  550°  K 
at  the  solid  surface  ;  the  very  intense,  burstlike  decameter  radiation 
from  Jupiter  which  appears  to  come  from  localized  regions  which 
rotate  with  a  period  slightly  shorter  than  the  system  II  period ; 
and  the  partially  linearly  polarized  decimeter  radiation  which  comes 
from  an  extended  region  in  the  equatorial  plane  of  Jupiter  and 
which  seems  to  be  the  radiation  of  electrons  trapped  in  the  magnetic 
field.  The  evidence  leading  to  these  results  is  probably  not  so  well 
known,  and  in  the  short  time  available  it  may  be  most  useful  to 
mention  some  of  the  evidence  as  well  as  some  of  the  questions 
which  need  to  be  answered. 

Mkbcvry,  Mass,  and  Saturn 

First,  the  few  reported  observations  of  the  very  weak  radio 
radiation  from  Mercury,  Mars,  and  Saturn  are  summarized  in 
Fif.ure  1.  These  are  the  only  planets  other  than  Venus  and  Jupiter 
from  which  radio  radiation  has  been  observed.  The  observations  of 
Mercury  were  especially  difficult  because  of  the  very  low  intensity 
of  the  planetary  radiation  and  because  of  the  interference  frvm  the 
much  more  intense  solw  radio  radiation  which  was  picked  np  by 
the  minor  lobes  of  the  antenna  reception  pattern.  The  observers, 
Howard,  Barrett,  and  Haddock,  have  derived  a  value  for  the  tempe¬ 
rature  of  the  subsolar  point  of  about  1000°  K  from  the  measurement 
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which  is  higher  than  the  temperature  expected  from  solar  heating 
and  the  temperature  of  GIO^K  derived  by  Pettit  and  Nicholson 
from  infrared  observations.  The  discrepancy  is,  however,  compa> 
rable  with  the  unce^inty  in  the  radio  measurement. 


RADIO  OBSERVATIONS  OF  MERCURY.  MARS.  AND  SATURN 
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Howard,  Barrett  and  Haddock 
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Fig.  1 


The  observations  of  Mars  were  made  near  favorable  oppositions, 
and  the  observed  blackbody  disk  temperatures  at  about  3  cm 
wavelength  are  not  much  different  from  the  estimated  average 
temperature  over  the  planet.  For  example,  the  average  radiation 
temperature  computed  by  Kuiper  is  217oK.  This  close  comparison 
supports  the  interpretation  that  these  waves  penetrate  the  atmos¬ 
phere  and  some  distance  into  the  crust  of  Mars,  although  the  present 
data  are  insufficient  for  a  definite  interpretation.  The  measured  3  cm 
radio  emission  of  Saturn  again  seems  consistent  with  thermal 
radiation  from  the  body  of  the  planet,  although  the  measurements 
are  sparse. 


VBinJS 

The  observed  radio  radiation  from  Venus  shows  several  out¬ 
standing  characteristics  which  can  best  be  seen  from  illustrations, 
and  the  data  plotted  in  Figure  2  summarize  the  results  of  the  obser- 
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vations.  At  wavelengths  near  3  om,  10  cm,  and  21  om  the  observed 
intensity  is  nearly  twice  that  which  was  predicted  for  the  thermal 
radiation  of  the  surface  of  Venus.  In  spite  of  this,  the  observed 
dependence  of  the  measured  flux  density  on  the  inverse  square  of 
the  wavelength  corresponds  to  a  nearly  constant  brightness 
temperature  under  the  assumption  that  the  size  of  the  radiating 
region  does  not  depend  on  wavelength.  The  millimeter  wavelength 
radiation,  however,  gives  a  different  result.  As  was  originally  disco¬ 
vered  by  Gibson  and  McEwan  working  at  8.6  mm,  the  intensity 
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measured  at  wavelengths  near  8  mm  and  4  nun  is  more  nearly  that 
to  be  expected  of  a  blackbody  having  the  angular  size  of  Venus  and 
a  temperature  of  350  or  400oK.  The  measurements  plotted  here  are 
published  values  or  reliable  unpublished  values  from  The  Lebedev 
Phjrsical  Institute  at  4  mm,  8  mm,  3.3  om,  and  9.6  om  ;  The  Naval 
Reseturch  Laboratory  in  Washington  at  4.3  mm,  8.6  mm,  3.15  om, 
3.37  om,  3.4  om,  9.4  cm,  and  10.2  cm  ;  The  National  Radio  Astro- 
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nomy  Observatory  in  Green  Bank  at  3.75  om,  and  10  om  ;  and  the 
Harvard  College  Observatory  at  21  om. 

Another  important  characteristic  of  the  observed  radio 
radiation  from  Venus  is  the  apparent  minimum  of  emission  which 
has  been  observed  near  inferior  conjunction  and  which  suggests  a 
dependence  of  the  radio  emission  on  the  phase  of  solar  illumination. 
An  indication  of  such  an  effect  was  noted  in  the  earliest  observations 
in  1956,  and  indications  have  appeared  in  most  of  the  more  recent 
series  of  observations  which  have  covered  a  sufficient  phase  interval. 
It  has  proved  difficult,  though,  to  definitely  establish  the  existence 
of  a  phase  effect  for  several  reasons.  The  intensity  of  the  radiation 
reaching  the  earth  falls  of  rapidly  on  either  side  of  inferior  con¬ 
junction  because  of  the  increasing  distance  of  Venus,  and  accurate 
observations  can  be  made  for  only  a  limited  time  centered  on  inferior 
conjunction.  Further,  systematic  errors  become  serious  over  long 
time  intervals  and  limit  the  accuracy  of  fitting  together  measure¬ 
ments  made  at  different  times  and  possibly  with  different  apparatus. 

The  most  complete  published  evidence  for  a  phase  effect  is 
shown  in  Figure  3.  This  is  the  result  of  a  long  series  of  observations 
which  were  made  in  1961  at  10  cm  wavelength  by  F.  D.  Drake 
using  the  85  foot  reflector  at  Green  Bank.  During  these  observations 
a  special  effort  was  made  to  maintain  constant  calibration  and  to 
minimize  systematic  errors.  These  observations  indicate  a  small 
minimum  in  the  emission  at  about  17  degrees  after  inferior  con- 
jimction  and  a  variation  from  a  minimum  blackbody  disk  tempera¬ 
ture  of  583<’K  to  an  extrapolated  maximum  of  661oK.  The  occur¬ 
rence  of  the  minimum  after  inferior  conjunction  can  be  interpreted 
as  an  indication  of  retrograde  rotation  of  Venus. 

In  addition  to  the  evidence  shown  here,  the  observations  of 
Kuzmin  and  Salomonovich  at  8  mm  in  1959  suggested  a  much 
larger  phase  effect,  and  the  observations  made  at  the  Naval 
Research  Laboratory,  Washington  near  3  and  10  om  between  1956 
and  1959  also  suggested  a  larger  effect.  Venus  was  observed  exten¬ 
sively  during  1961  at  both  the  Lebedev  Institute  and  at  the  Naval 
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Beflearoh  Laboratory  and  the  reeults  will  be  presented  at  this 
meeting. 

At  this  time  there  is  no  evidence  for  long  term  variations  in  the 
radio  radiation  from  Venus  which  are  not  connected  with  the  phase 
of  solar  illumination  and  which  might  indicate  seasonal  or  rotational 
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effects.  The  possibility  of  short  time  fluctuations  has  however  been 
suggested.  Most  observers  have  felt  that  the  variahility  in  their 
measured  intensities  of  Venus  did  not  differ  signiflcantly  fix>m  the 
expected  experimental  scatter.  Recently,  though,  the  observers  at 
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the  Lebedev  Institute  have  raised  the  possibility  that  their  measu¬ 
rements  of  the  9.6  cm  radiation  firom  Venus  made  m  1661  show 
greater  scatter  than  they  would  expect  from  experimental  effects, 
and  they  suggest  that  such  Tariability  may  indicate  the  existence 
of  an  ionospheric  component  of  the  radiation.  On  the  other  hand, 
the  measurements  of  Drake  at  10  cm  which  were  shown  were  made 
over  the  same  period  of  time  in  1961  and  apparently  show  no 
evidence  for  variability,  at  least  not  of  more  than  a  few  percent 
above  the  expected  experimental  scatter. 

A  fair  amount  of  observational  information  on  the  radio 
emission  of  Venus  has  now  been  accumulated,  and  several  of  the 
general  characteristics  which  were  inferred  from  the  earlier  and  less 
complete  results  have  now  been  verified.  The  observed  spectrum  at 
wavelengths  between  3  cm  and  21  cm  is  consistent  with  the  thermal 
radiation  of  opaque  material.  The  disk  of  Venus  radiating  as  a 
black  body  at  a  temperature  of  between  SSO^K  and  about  fiOO^K 
would  explain  the  observed  intensity  of  radiation  from  the  dark 
hemisphere.  The  corresponding  value  for  the  sunlit  hemisphere 
can  only  be  estimated  fi-om  extrapolations  of  observations  at  large 
phase  angles  to  be  about  at  10  cm  and  perhaps  SO^K  greater 

than  this  at  3  cm  wavelength.  The  emission  apparently  drops 
suddenly  between  3  cm  and  8.6  mm.  The  observed  spectrum 
between  4  mm  and  8.6  mm  is  again  consistent  with  thermal  radia¬ 
tion  from  opaque  material,  but  this  time  the  blackbody  disk 
temp  rature  is  360  to  400‘>K  near  inferior  conjunction. 

This  spectrum  could  be  produced  either  by  thermal  radiation 
of  material  at  or  near  a  hot  solid  surface  beneath  a  cooler  atmos¬ 
phere  which  is  transparent  at  centimeter  wavelengths  but  only 
partly  transparent  at  millimeter  wavelengths  ;  or  of  a  very  exten¬ 
sive  ionized  atmosphere  with  a  high  effective  temperature  which  is 
opaque  at  wavelengths  longer  than  about  3  cm,  but  transparent 
to  the  radiation  of  a  relatively  cool  solid  surface  at  millimeter 
wavelengths.  The  main  difficulty  with  the  hot  surface  hypothesis  is 
to  find  a  way  to  maintain  such  a  high  temperature.  Two  possibilities 
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have  been  given  serious  consideration  ;  the  greenhouse  mechanism 
considered  mainly  by  Dr.  Sagan  and  the  aeolosphere  model  of 
Professor  Opik.  The  recent  work  of  Dr.  Spinrad  gives  other  evidence 
of  high  temperature  in  the  atmosphere  of  Venus  which  lends 
additional  support  to  the  hypothesis  that  at  least  a  large  part  of 
the  observed  radio  radiation  is  the  thermal  emission  of  a  hot  solid 
surface. 

The  main  difficulty  with  the  ionosphere  h3^the8is  is  to  find 
a  way  to  maintain  an  ionized  region  dense  enough  to  be  opaque  to 
such  a  short  wavelength  as  3  cm.  Densities  of  the  order  of  10*  cm~* 
are  required.  The  results  of  the  recent  radar  observations  are  also 
difficult  to  reconcile  with  such  an  ionosphere.  The  possibility  of 
non-thermal  emission  has  also  been  considered.  The  radiation  of 
electrons  trapped  in  the  magnetic  field  of  Venus  does  not  seem  at 
all  promising  as  an  explanation  of  the  observed  spectrum,  and 
attempts  to  detect  a  linearly  polarized  component  of  the  radiation 
have  given  negative  results.  A  suggestion  has  recently  appeared 
in  the  literature  that  the  conversion  of  energy  incident  on  Venus 
to  radio  radiation  through  discharges  between  charged  particles 
about  1  mm  in  diameter  could  account  for  the  observed  radio 
radiation.  It  appears  that  much  more  work  is  necessary  before  this 
suggestion  can  be  evaluated. 

It  is  hoped  that  space  probe  measiu^ments  will  soon  help  to 
answer  the  questions  about  Venus,  but  in  any  case  radio  observations 
from  the  earth  should  be  able  to  settle  the  question  of  variability, 
determine  the  phase  effect,  fill  in  the  spectrum  particularly  the 
important  transition  region  between  8  mm  and  3  cm,  and  search 
at  longer  wavelengths  for  evidence  of  non-thermal  radiation  and 
effects  of  the  ionosphere  of  Venus.  With  these  questions  answered 
the  explanation  of  the  radio  emission  of  Venus  should  be  much  less 
difficult. 
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Hm  obaenratiolu  of  Jupiter  in  the  deoiineter  wavelength 
region  have  produced  spectacular  results  in  the  few  years  since 
1968  when  Sloonaker’s  observation  of  an  unexpectedly  high 
intensity  at  10.3  cm  stimulated  interest  in  the  radiation  at  these 
wavelengths.  The  identification  of  a  non-thermal  component  of  the 
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decimeter  radiation  followed,  and  the  spectrum  in  Figure  4  illus¬ 
trates  a  possible  separation  of  the  thermal  and  non-tiiermal  com¬ 
ponents  based  on  the  assumption  of  thermal  radiation  at  130<*K 
at  all  wavelengths.  The  observations  at  wavelengths  between 
3  cm  and  4  cm,  where  the  radiation  is  thought  to  be  predominantly 
thermal,  give  blaokbody  disk  temperatures  between  140oK  and 
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JUPITKE 


The  obflervfttions  of  Jupiter  in  the  decimeter  weveiength 
region  have  produced  speotaouiar  reeulto  in  the  few  years  sinoe 
1958  when  Sloanaker’s  observation  of  an  imexpeotedly  high 
intensity  at  10.3  cm  stimulated  interest  in  the  radiation  at  these 
wavelengths.  The  identification  of  a  non-thermal  component  of  the 
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decimeter  radiation  followed,  and  the  spectrum  in  Figure  4  illus¬ 
trates  a  possible  separation  of  the  thermal  and  non-thermal  com¬ 
ponents  based  on  the  assumption  of  thermal  radiation  at  ISO^K 
at  all  wavelengths.  The  observations  at  wavelengths  between 
3  cm  and  4  cm,  where  the  radiation  is  thought  to  be  predominantly 
thermal,  give  blackbody  disk  temperatures  between  140oK  mid 
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alK>ut  20O0K  so  that  the  assumed  value  of  ISQoK  used  here  is 
probably  somewhat  low,  but  this  is  not  important  to  the  general 
meaning  of  the  diagram.  It  was  on  the  basis  of  this  kind  of  spectrum 
that  F.  D.  Drake  proposed  that  the  decimeter  radiation  was  of 
non-thermal  origin  and  was  due  to  electrons  trapped  in  the  magnetic 
field  of  Jupiter  in  analc^  with  the  van  Allen  belts  of  the  earth. 
Although  the  different  observers  were  in  general  agreement  on  the 
relative  wavelength  independence  of  the  Jupiter  decimeter  radiation 
there  was  not  agreement  with  regard  to  the  variability  of  the 
radiation.  Some  observers  found  evidence  for  variations  with  the 
rotation  of  Jupiter  or  with  time,  or  both,  while  others  found  no 
variation.  Among  the  early  observations  the  strongest  evidence 
for  a  variation  of  the  measured  intensity  with  the  rotation  of 
Jupiter  was  found  by  McClain,  Nichols,  and  Waak  who  observed  a 
variation  of  about  30  %  at  21  cm  wavelength  at  the  System  II 
(or  for  this  short  interval  also  System  III)  period. 

The  very  important  observations  of  Jupiter  made  using  the 
twin  90  foot  refiector  interferometer  of  the  Owens  Valley  Radio 
Observatory  first  by  Radhakrishnan  and  Roberts  and  more 
recently  by  Morris  and  Berge  have  supplied  several  crucial  results. 
The  measurements  show  that  the  Jupiter  decimeter  radiation  is 
partially  linearly  polarized  with  a  degree  of  polarization  of  about 
30  percent  and  with  the  electric  vector  approximately  parallel  to 
the  equator  at  both  22  cm  and  31  cm  ;  that  the  equatorial  diameter 
of  the  radio  source  is  about  3  times  the  visible  diameter  at  both 
wavelengths  ;  and  that  the  polar  diameter  is  about  the  same  as  the 
visible  diameter.  The  failure  to  observe  a  strong  wavelength  depen¬ 
dence  in  the  polarization  and  source  size  is  taken  as  evidence  favor¬ 
ing  synchrotron  radiation  where  each  electron  radiates  over  a  range 
of  wavelengths.  Morris  and  Berge  also  made  the  important  obser¬ 
vation  that  variations  in  the  direction  of  the  polarization  with  the 
rotation  of  Jupiter  indicate  that  the  magnetic  axis  is  inclined  by 
about  9  degrees  to  the  axis  of  rotation  and  that  the  magnetic 
poles  are  at  longitudes  of  about  20  degrees  and  200  degrees  in 
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System  III.  They  suggest  that  the  tilt  of  the  magnetic  axis  causes 
variations  in  the  measured  radio  intensity  with  rotation  of  Jupiter 
both  because  of  the  change  of  polarization  with  respect  to  the 
antenna  and  because  of  the  tarying  tilt  of  the  plane  of  maximum 
radiation  at  the  magnetic  equator  toward  or  away  from  the  earth, 
and  that  the  latter  cause  may  account  for  the  dependence  on  rota¬ 
tion  found  in  the  21  cm  observations  of  McClain,  Nichols,  and 
Waak  made  in  1959.  Recent  21  cm  observations  made  at  NRL  by 
Miller  and  Gary  using  conventional  single-antenna  techniques 
appear  to  confirm  the  polarization  of  the  radiation  and  the  tilt  of 
the  magnetic  axis. 


MIHTIOS  Of  JIPITIR 
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Several  observers  have  reported  what  appear  to  be  significant 
changes  in  the  decimeter  emission  of  Jupiter  with  time,  and  some 
of  the  observations  are  summarized  in -Figure  6.  The  observed 
emission  at  10.3  cm  according  to  Sloanaker  and  Boland  ;  at  21  cm 
according  to  McClain,  Nichols,  and  Waak  ;  and  at  68  cm  according 
to  Drake  and  Hvatum  apparently  decreased  greatly  during  1969. 
Elsmore  and  Long  confirm  a  low  level  of  emission  at  74  cm  in 
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March  1960  by  their  inability  to  detect  Jupiter.  The  intensities 
measured  by  Morris  and  Berge  at  22  cm  and  31  cm  in  1961,  and  by 
Miller  and  Gary  at  21  cm  in  1961  suggest  a  level  of  emission  near 
that  in  1959,  when  it  is  taken  into  account  that  the  earlier  obser¬ 
vations,  with  the  exception  of  those  at  68  cm,  were  taken  with  a 
North-South  polarization  which  is  unfavorable  for  the  polarized 
component.  The  observations  in  1961  were  made  with  adjustable 
polarization  and  indicate  the  amount  by  which  the  measured 
intensity  can  be  changed  by  changes  of  the  antenna  polarization. 
It  seems  unlikely  that  changes  in  the  polarization  of  the  Jupiter 
radiation  with  respect  to  the  antenna  can  explain  the  large  apparent 
decrease  in  emission  at  10  cm,  although  there  is  more  uncertainty 
at  68  cm  where  the  Faraday  rotation  in  the  earth’s  ionosphere 
may  be  important. 

These  observations  leave  the  question  of  the  variability  of  the 
decimeter  emission  of  Jupiter  in  an  imsatisfactory  state,  but  the 
interesting  new  results  of  Roberts  and  Huguenin  of  the  Harvard 
Observatory  which  wiU  be  reported  at  this  meeting  provide  addi¬ 
tional  information  on  variability  and  suggest  a  possible  connection 
between  the  radiating  particles  and  the  sim. 

To  skip  now  to  the  intense,  sporadic  decameter  radiation 
of  Jupiter  which  was  discovered  by  Burke  and  Franklin  in  1955,  the 
observations  now  extend  over  a  period  of  more  than  ten  years 
including  pre-detection  observations,  and  have  established  that  the 
active  source  regions  are  stable  and  rotate  with  a  steady  period 
which  is  about  1 1  seconds  shorter  than  the  System  II  period.  It  has 
been  suggested  that  the  reidio  sources  may  be  connected  with  the 
solid  body  of  Jupiter  or  with  the  magnetic  field  ;  for  example, 
J.  W.  Warwick  has  proposed  that  the  radiation  is  generatttd  by  the 
precipitaticm  ot  particles  mto  aiTauroral  zone  of  Jupiter. 

It  is  interesting  that  the  low  frequency  end  of  the  observed 
spectrum  has  decreased  along  with  the  decrease  of  the  ionospheric 
cutoff  frequency  as  the  solar  activity  minimum  approaches  so  that 
this  radiation  is  not  restricted  to  such  a  narrow  frequency  range  as 
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previoiuly  supposed.  There  have  been  many  interesting  and  signi¬ 
ficant  results  of  the  recent  intensive  work  on  the  low  frequency 
radiation  of  Jupiter  which  I  believe  will  be  covered  at  this  sympo¬ 
sium.  Attempts  to  identify  similar  low  frequency  outbursts  from 
other  planets  have  produced  negative  or  inconclusive  results. 


300  kmc  30  kmc  3kmc  300mc30mc  FREQUENCY 
Fig.  6 


The  recent  results  for  both  the  decimeter  and  decameter 
radiation  of  Jupiter  have  brightened  the  prospects  for  imder- 
standing  Jupiter  as  a  source  of  radio  waves  and  in  so  doing  to 
gain  valuable  physical  information  about  the  planet  and  its  sur¬ 
roundings.  There  is  hope  that  the  thermal  radiation  of  Jupiter, 
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which  has  been  all  but  forgotten  in  the  excitement  over  the  more 
prominent  non-thermal  radiation,  can  be  identified  and  can  provide 
additional  physical  information  about  the  atmosphere  of  Jupiter. 

In  closing,  it  may  be  of  general  interest  to  see  where  the  planets 
fit  in  with  the  other  discrete  sources  of  radio  emission.  The  general 
relationship  of  the  predicted  thermal  intensities  of  the  planets  at 
closest  approach  and  the  measured  intensities  at  different  wave¬ 
lengths  to  the  spectra  of  the  quiet  sun,  Cassiopeia-A,  and  a  typical 
radio  source  are  illustrated  in  Figure  6.  The  cross-hatched  region  is 
a  crude  indication  of  the  low  frequency  sporadic  radiation  of 
Jupiter. 


Ill 


A.  GENERAL  PAPERS 


9.  -  A  NEW  PROGRAM  OF  PLANETARY  PHOTOGRAPHY 


D.  H.  MENZEL 
Harvard  College  Obeervatory 
Cambridge  38,  Mats.,  U.  S.  A. 


Haxvard  College  Observatory,  under  NASA  sponsorship,  has 
initiated  a  three-year  program  for  multicolor  photometry  of  the 
Moon,  Mars,  Venus,  and  other  planets.  The  studies  are  being  under¬ 
taken  with  a  new  16-inoh  Cassegrain  reflector  at  Boyden  Obser¬ 
vatory  in  South  Afirioa  and  with  the  12-inoh  reflector  at  the  Le 
Houga  Obsei-vatory  in  Southern  France.  Observations  started 
July  1  at  the  Le  Houga  Observatory  and  are  scheduled  to  start  at 
the  Boyden  Observatory  in  early  August. 

The  photometer  used  for  the  project  contains  a  number  of 
special  features.  Dr.  Harold  Johnson  designed  it  for  us.  The  photo¬ 
meter  permits  measiu^  in  thirteen  spectral  regions  from  3200  A  to 
more  than  1  micron.  The  two  photocells  are  of  the  «  end-on  » type, 
a  Farnsworth  IR  118  tube  and  an  EMI  tube.  The  photocells  are 
cooled  with  dry  ice.  A  rapid  switching  arrangement  simplifies  the 
operation.  The  13  Alters  are  held  in  a  rotating  disk.  We  have  selected 
about  three  dozen  comparison  stars,  some  of  zero  color  index,  some 
of  index  +  1,  and  others  of  solar  type,  scattered  along  the  ecliptic. 
A  special  lens  gives  an  image  of  the  moon  on  a  scale  roughly 
matching  that  of  the  planets. 

Dr.  Gerard  de  Vaucouleurs  has  been  a  consultant  and  colla¬ 
borator  in  the  project.  Di-.  Andrew  Yoimg  has  been  actively  in 
charge  of  the  instrumental  and  observing  program. 

Perhaps  I  should  note  that  our  original  plans  included  measures 
of  polarization  as  well  as  of  brightness,  but  this  refinement  has 
unfortunately  proved  impossible  at  this  time. 

This  research  is  sponsored  by  the  National  Aeronautics  and 
Space  Administration  under  NASA  Grant  NsG89-60  with  Harvard 
University. 
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10.  -  THE  WAVELENGTH  DEPENDENCE  OF 
POLARIZATION  OF  PLANETARY  ATMOSPHERES 

Thomas  OEHBELS 
University  of  Arizona,  U.  S.  A. 


The  polarization  of  the  Jupiter  poles,  discovered  by  Lyot  in 
1922,  was  observed  with  six  filters,  3250  —  9900  A.  The  observa¬ 
tions  were  made,  in  April  1960  with  the  McDonald  82-inch  reflector, 
on  regions  of  4  seconds-of-arc  in  diameter.  Strong  wavelength 
dependence  is  foimd.  The  polarization  of  the  total  disc  of  Venus 
was  observed  over  the  30°  —  150°  range  of  phase,  1959-1961,  and 
strong  wavelergth  and  phase  dependence  is  found.  A  description 
of  the  program,  of  the  instrumentation,  and  of  preliminary  results 
(also  for  Mars,  the  moon,  and  the  blue  sky)  will  be  published 
shortly  (Gehrels  and  Teska  1963). 

RfiFfiRENCES 

T.  (ieHRBus  and  T.  M.  Tbska.  Apptied  Optics,  Vol  2,  January  issue. 
19«3, 
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11.  —  THE  RED  BANDS  OF  CH,  AND  THEIR  POSSIBLE 
IMPORTANCE  IN  THE  SPECTRA  OF  THE  MAJOR  PLANETS 

G.  HERZBERG  and  J.  W.  C.  JOHNS 
Division  of  Pure  Physics 
National  Research  Council 
Ottawa,  Canada 

The  main  features  of  the  spectra  of  the  outer  planets  are  very 
well  understood  as  being  due  to  CH4  and  NH3.  There  are,  however, 
some  minor  featiu«s  like  the  Kuiper  bands  of  Uranus  (Kuiper  1949) 
which  have  not  yet  been  satisfactorily  explained.  In  addition,  it 
appears  probable  that,  as  higher  resolution  is  applied  to  these 
spectra,  additional  fine  line  features  will  be  observed.  Recently 
Kiess,  Corliss  and  Kies8(1961),  by  using  somewhat  higher  reso¬ 
lution  than  previously  available,  have  established  the  presence  of 
the  quadrupole  lines  of  H ,  in  the  spectrum  of  Jupiter,  and  Spinrad 
and  Miinch  (1962)  in  this  symposium  report  two  such  lines  in  the 
spectrum  of  Saturn.  Previous  to  these  observations,  H,  had  been 
established  as  a  major  constituent  only  in  Uranus  by  its  pressure 
induced  line  at  8270  A  (Herzberg  1962).  The  importance  of  high 
resolution  for  the  observation  of  fine  weak  lines  cannot  be  over¬ 
emphasized.  As  an  example,  it  may  be  mentioned  that  recently 
Rank,  Rao,  Slomba,  Sitaram  and  Wiggins  (1962)  observed  in  the 
laboratory  the  quadrupole  lines  of  H,  with  less  than  one-tenth 
tha  path  length  used  in  the  original  work  of  Herzberg  (1950) 
because  they  had  available  a  much  higher  resolution.  Since  higher 
resolution  will  imdoubtedly  become  available  for  the  spectra  of 
the  outer  planets,  it  may  be  of  interest  to  consider  some  other 
spectra  that  may  reasonably  be  expected,  given  that  the  main 
constituents  are  H,,  CH4  and  NHa- 

As  in  the  earth’s  atmosphere,  many  photochemical  reactions 
must  take  place  in  the  upper  layers  of  the  atmospheres  of  the  major 
planets.  Two  primaiy  reactions  are  clearly 

CH4 -f  Av->CH3  +  H  (1) 

NH,  +  Av  ->  NH,  +  H  (2) 
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The  first  reaction  requires  light  of  a  wavelength  less  than  1450  A, 
the  second  less  thrn  2100  A.  The  lifetimes  of  the  radicals  CHj  and 
NH,  formed  in  this  way  depend  greatly  on  the  physical  and  chemi¬ 
cal  conditions  of  the  atmosphere.  In  view  of  the  uncertainty  of  the 
lifetime,  it  is  impossible  to  predict  what  the  concentration  of  CH, 
and  NH,  might  be,  but  some  small  concentration  must  exist.  The 
absorption  spectrum  of  NH,  is  well  known,  thanks  to  the  work  of 
Dressier  and  Ramsay  (1050).  It  consists  of  a  large  number  of  very 
fine  lines  lying  in  a  convenient  region  (8000  —  6000  A).  The  most 
prominent  lines  have  been  listed  by  Ramsay  (1057)  in  a  contribution 
to  a  previous  Li5ge  coUoqmum,  but  no  evidence  for  NH,  in  the 
spectra  of  the  major  planets  has  yet  been  found. 

The  absorption  spectrum  of  CH,  is  also  well  known  (Herzbeig 
1061),  but  the  first  known  absorption  lies  at  2160  A,  and  its  detec¬ 
tion  in  the  major  planets  will  have  to  await  observations  from 
outside  the  earth’s  atmosphere.  However,  the  2160  A  CH,  band  is 
diffuse,  indicating  that  nearly  every  light  quantum  absorbed  by 
CH,  leads  to  its  dissociation  according  to 

CH, -(- Av->CH, -f  H  (3) 

and  thus  to  the  formation  of  CH,.  This  radical  may  also  be  formed 
directly  by  the  photodissociation  of  CH4  according  to  the  reaction 
CH,  +  Av->CH,  +  H,  (4) 

In  addition,  there  may  be  various  secondary  reactions  that  lead 
to  the  formation  of  CH,. 

Recent  work  in  our  laboratory  has  established  the  existence 
of  two  modifications  of  CH,  :  linear  CH,  with  a  *2“  ground  state, 
and  bent  CH,  with  a  ’A,  ground  state  (Herzberg  1961).  Of  the  two 
modifications,  the  first  has  slightly  lower  energy.  The  known 
absorption  spectrum  of  linear  CH,  lies  entirely  in  the  vacuum 
ultraviolet,  but  a  strong  absorption  of  bent  CH,  lies  in  the  red  and 
yellow  region  of  the  spectrum  (9000  —  6000  A).  It  is  similar  in 
character  to  the  NH,  absorption,  consisting  of  a  large  niunber  of 
sharp  lines. 
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The  primary  dissociation  (4)  of  CH4  can  only  yield  singlet 
(bent)  CH,  on  account  of  the  spin  conservation  rule,  since  both 
CH4  and  Hj  are  in  singlet  states.  The  predissociation  of  CH3,  as  far 
as  spin  conservation  is  concerned,  could  give  either  triplet  or 
singlet  CHj.  However,  the  upper  state  of  the  2160  A  band  of  CH* 
is  a  *A4  state,  and  the  state  causing  the  predissociation  must  also 
be  of  this  type.  A  *A[  state  cannot  arise  from  *2“  +  *S,  but  can 
arise  from  ^A^  -f  ’S.  We  therefore  conclude  that  the  predissociation 
of  CH,  also  leads  in  the  primary  process  to  singlet  (bent)  CH|. 

Bent  CH,  is  transformed  by  collisions  into  linear  CH,,  but 
according  to  laboratory  experiments,  this  transformation  is  conside¬ 
rably  slowed  down  at  low  temperatures.  Again  it  is  impossible  to 
estimate  the  lifetime  of  CH  4  under  the  conditions  of  the  atmospheres 
of  the  outer  planets  and  therefore  to  estimate  the  stationary  concen¬ 
tration. 

Extensive  spectra  of  CH,  in  the  visible  and  near  infra-red 
regions  were  obtained  by  the  flash  photolysis  of  diazomethane 
(CH4N4)  mixed  with  in  the  ratio  I  ;  100  in  an  absorption  tube 
of  2  m  length,  through  which,  by  means  of  a  White  mirror  system, 
the  light  from  the  source  of  continuous  background  was  passed 
24  times,  that  is,  the  alisorbing  path  was  48  m.  The  partial  pressure 
of  CH,N,  varied  from  0.01  to  0.04  mm.  Thus,  even  assuming  that 
all  the  CH,N,  was  decomposed  giving  CH„  and  all  the  CH,  formed 
was  present  at  the  same  time,  its  partial  pressure  was  less  than 
0.04  mm.  Probably  it  was  less  by  a  factor  of  the  order  of  10.  The 
strongest  lines  appear  fairly  strongly  with  a  path  length  of  2  m. 
Therefore,  it  appears  not  unlikely  that  the  CH,  singlet  absorption 
could  be  observed  in  the  major  planets  if  sufficiently  high  resolution 
is  applied. 

In  Table  1  we  present  the  wavelengths  of  all  the  stronger 
lines  measured  in  the  region  6300  —  8700  A.  The  majority  of  these 
lines,  but  not  all,  have  been  classified.  The  assignments  are  given  in 
the  third  and  fourth  columns  of  Table  1.  A  few  lines  that  are  weak 
on  our  spectrograms  have  been  included  because  they  involve 
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Tablb  1 


Promi-rient  Line*  in  the  Red  System  of  CH, 


I  !  I  Excitation  Energy 
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w 
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w 

0,  6,  0 

241 - il4 

31 

8178.079 

m 

0.  7.  0 

3jl — 2,1 

98 

8190.071 

vs 

0.  6,  0 

844 — 2,, 

59 

8191.742 

V8 

0.  6,  0 

*44 - *14 

170 

8202.355 

8 

0.  6,  0 

O44 - ii4 

31 

8219.248 

8 

0,  6,  0 

i4i — 2,1 

70 

8238.993 

8 

0,  6,  0 

244 — 3„ 

132 

8282.693 

ms 

0,  6,  0 

*44 - 3i4 

304 

8354.066 

m 

0,  7,  0 

3,1 - *41 

356 

8378.845 

ra 

— 

8499.888 

mw 

0,  6,  0 

344 — 2i, 

69 

8503.430 

mw 

0,  6.  0 

*44 — 3,, 

132 

8616.362 

m 

0,  6,  0 

244 - il4 

31 

8519.647 

m 

— 

— 

8531-339 

m 

0,  6,  0 

*44  *14 

170 

8536.841 

m 

0,  6,  0 

244 — 2,, 

69 

8641.880 

m 

— 

— 

8662.641 

mw 

0.  6,  0 

344 — 3,, 

132 

8669.866 

mw 

0.  6,  0 

S44 — 5,4 

8646.034 

m 

0,  6,  0 

2,4 - 3,4 

208 

8690.121 

8 

— 

— 

Note  :  Vibrational  assig^ents  in  parentheses  have  not  been  confirmed. 
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the  lowest  rotational  levels  of  the  ground  state,  and  may  therefore 
be  more  prominent  at  very  low  temperature. 

In  the  last  column  of  Table  1  is  given  the  energy  (in  cm"*) 
of  the  lower  state  above  the  J  =  0  state  for  all  the  assigned  lines. 
This  may  serve  as  a  guide  for  the  relative  intensities  of  the  lines  at 
temperatures  other  than  300°K,  at  which  our  spectrograms  were 
taken.  A  second  absorption  system  of  singlet  CH,  occurs  near 
3400  A  ;  but  since  it  is  very  much  weaker  than  the  red  system, 
we  need  not  consider  it  here. 

The  width  of  the  CH,  lines  in  our  experiments  is  detemiined 
entirely  by  the  Doppler  effect,  which  under  our  laboratory  condi¬ 
tions  was  about  0.02  A  (at  6000  A).  It  was  always  smaller  than 
the  instrumental  width,  the  actually  attained  resolving  power 
being  70,000.  Only  if  it  were  possible  to  obtain  planetary  spectra 
with  a  resolution  surpassing  that  of  our  laboratory  spectra  could 
one  reach  the  detection  limit  of  CH,  (and  similarly  NH,).  It  is 
unlikely  that  this  limit  would  be  made  less  favourable  because  of 
turbulence  or  high  temperature  in  the  upper  atmospheric  layers 
in  which  CH,  is  produced. 

The  weak  absorption  band  at  7500  A  observed  by  Kuiper  in  the 
spectra  of  Uranus  and  Neptune,  does  not  coincide  with  any  of  the 
CH,  features.  As  shown  by  Table  1,  there  are  no  strong  features 
between  7392  and  7695  A,  but  even  for  the  weaker  features  not 
listed  in  Table  1  there  is  no  agreement.  Kuiper ’s  band  therefore 
remains  unidentified.  It  does  not  seem  entirely  impossible  that  it 
may  yet  be  due  to  CH,  even  though  laboratory  spectra  with  long 
paths  do  not  show  it.  The  weak  features  in  planetary  spectra 
correspond  to  much  greater  absorbing  depths  in  the  atmosphere 
than  the  stronger  features,  as  has  recently  been  again  demonstra¬ 
ted  by  Spinrad  (1962)  in  the  spectrum  of  Venus.  On  the  other 
hand,  it  must  be  emphasized  that  the  structure  of  Kuiper’n  band 
with  a  spacing  of  60  cm-*  of  the  principal  features,  does  not  fit 
well  with  the  assumption  that  it  is  due  to  CH,. 

In  view  of  the  strong  occurrence  of  CH  and  CH+  in  cometary 
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epeotra,  it  is  probable  that  the  CHj  bands  here  under  discussion 
will  occur  in  comets.  However,  a  preliminary  search  by  Swings 
(unpublished)  has  not  led  to  any  definite  identification. 

Even  if  there  were  no  collisions,  CHj  molecules  in  the  lower 
state  of  the  red  bands  would  eventually  go  over  by  radiative 
transitions  to  the  *2“  ground  state  (in  which  the  molecule  is  linear). 
To  be  sure,  this  transition  is  not  only  forbidden  by  the  spin  conser¬ 
vation  rule,  which  is  fairly  strict  for  such  a  light  molecule,  but  in 
addition,  there  is  in  all  probability  a  considerable  potential  barrier 
between  the  bent  and  the  linear  state.  Nevertheless,  one  must 
assume  that  all  CH,  molecules  present  in  the  interstellar  medium 
are  in  the  real  ground  state  (*2~ )  and  that  therefore  the  lines  with 
lower  state  J  =  0  of  Table  1,  will  not  be  found  in  interstellar  absorp¬ 
tion.  In  the  interstellar  medium,  CH,  is  therefore  only  detectible  by 
the  strong  absorption  at  1415  A,  which  will  become  accessible 
when  satellite  observatories  start  operating. 

We  are  greatly  indebted  to  Dr.  A.  E.  Douglas  for  a  critical 
reading  of  this  manuscript. 
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12.  —  SPECTRAL  ENERGY  DISTRIBUTIONS  OF 
THE  MAJOR  PLANETS 

Robert  L.  yOUNKIN 
Jtt  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California,  U.  S,  A, 

and 

Guroo  MCNCH 

California  Institute  of  Technology 
Pasadena,  California,  U.  S.  A. 

1.  Intboductiox 

Color  photometry  of  the  major  planets,  particularly  Jupiter 
and  Saturn,  has  been  carried  out  by  a  number  of  authors  during 
the  last  thirty-five  years.  The  bulk  of  the  work  has  been  photo¬ 
graphic,  with  some  photoelectric  measurements  in  recent  years. 

The  nature  of  the  energy  distribution  curve  of  the  planets  may 
be  determined  in  a  general  way  from  such  measurements.  However 
the  filter  band  passes  used  have  been  many  hundreds  of  Angstroms 
wide,  and  the  curves  obtained  consist  of  points  separated  by  one 
thousand  Angstroms  or  more. 

The  logical  extension  of  these  measm-ements  is  to  repeat  them 
with  greatly  improved  spectral  resolution.  Such  a  program  is  being 
carried  out  at  the  Mt.  Wilson  and  Palomar  Observatories  with  a 
scanning  monochromator.  A  nominal  resolution  of  ten  Angstroms 
in  the  second  order  may  be  obtained  with  this  instrument.  This 
program  does  not  include  measurement  of  the  absolute  value  of  the 
energy,  but  rather  of  the  relative  energy  per  unit  wavelength  inter¬ 
val  as  a  function  of  wavelength. 

Preliminary  results  of  the  program  will  be  presented  here. 


125 


2.  Ikstbumbntation 


The  procedure  for  obtaining  and  recording  the  spectral  scans 
is  given  in  Figure  1. 


Fig.  1.  —  Block  Diagram  of  the  Instrurnentation 


'fhe  original  measurements  were  made  in  1961  with  an 
existing  system  consisting  of  the  boxes  on  the  first  horizontal  line. 
The  raw  data  then  consisted  of  curves  on  the  strip  chart  recorder. 
To  increase  the  accuracy  of  the  measuremen  i  as  well  as  speed  the 
data  reduction,  the  second  row  of  boxes  was  added  for  measure¬ 
ments  subsequent  to  May  1962.  The  digital  information  now  serves 
as  the  primary  data  source,  with  the  strip  chart  recorder  used  only 
as  an  immediate  check  on  the  data  at  the  time  of  observation. 

All  measurements  to  date  have  been  carried  out  using  the 
60-inch  telescope  at  Mt.  Wilson.  The  scanning  monochromator 
used  is  the  Mt.  Wilson  scanner  developed  by  Code.  This  is  an  Ebert 
monochromator,  used  with  a  600 1/mm,  grating  blazed  for  maximum 
energy  at  about  X  4000  in  the  second  order. 

The  spectrum  is  scanned  in  two  sections.  An  RCA  1P21  is 
used  to  scan  from  X  3300  to  X  6200  in  the  second  order.  An  RCA  7266 
is  used  to  scan  from  X  4800  to  X  8000  in  the  first  order.  Both  photo- 
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multiplien  are  cooled  to  dry  ioe  temperature,  but  mounted  in 
separate  oold  boxes  so  it  is  not  feasible  to  change  rapidly  from  one 
to  the  other.  In  practice  the  two  spectral  regions  are  usually 
scanned  on  different  nights. 

The  D.  C.  amplifier  is  a  General  Radio  Model  1230  A,  and  the 
strip  chart  recorder  a  Brown  instrument,  with  a  one-second  time 
constant. 

The  analogue  to  digital  converter  for  the  modified  data 
recording  system  is  a  Packard-Bell  Model  Ml.  This  obtains  a 
binary  reading  of  the  voltage,  which  is  punched  on  the  paper  tape 
by  a  Teletype  Model  DRPE-2. 

The  A  to  D  converter  has  an  accuracy  of  one  part  in  athousand, 
full  scale,  and  the  sampling  rate  is  currently  limited  by  the  tape 
punch.  The  spectrum  is  usually  scanned  at  a  rate  of  200  A/minute 
for  the  second  order,  and  double  this  for  the  first.  The  digital  readout 
is  obtained  at  a  nominal  rate  of  one  per  Angstrom.  The  sampling 
rate  is  controlled  by  a  synchronous  motor  as  is  the  grating  drive  of 
the  monochromator.  This  has  eliminated  a  small  uncertainty  in 
wavelength  which  was  previously  present  when  it  was  necessary  to 
assume  uniformity  of  the  chart  drive  speed. 


3.  Exahflbs  of  Planbtaby  Scans 

A  scan  of  Jupiter  with  the  1P21  is  shown  in  Figure  2.  At  the 
discontinuity  in  wavelength,  a  gain  change  occurs.  A  filter  to 
block  third  order  UV  was  removed  near  X  4400. 

A  scan  of  Jupiter  with  the  7265  is  shown  in  Figure  3.  The  cut-off 
on  the  short  wavelength  side  is  due  to  a  filter  to  block  second 
order  UV. 

In  both  Figures  the  wavelength  scale  is  approximate.  This 
soaimer  does  not  have  a  sine  drive  so  the  wavelength  scale  is  non¬ 
linear. 


127 


Fig.  2.  —  Second  Order  Scan  of  Jupiter 


Fig,  3.  —  First  Order  Scan  of  Jupiter 


4.  Rbduotion  of  Data 


No  provision  has  been  made  to  carry  out  an  absolute  cali¬ 
bration  to  determine  the  color  sensitivity  of  the  telescope-photo¬ 
multiplier  system.  Instead,  the  star  a  Lyr  has  been  adopted  here 
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as  a  primary  standard.  The  energy  distribution  of  this  star  has 
been  determined  relative  to  laboratory  black-body  sources  by 
several  authors.  The  mean  curve  of  Code  (^)  has  been  adopted  for 
these  calculations,  with  the  modification  of  Oke  (*)  near  the 
Balmer  limit. 

Oke  (*),  using  the  same  scanner  used  here  on  the  planets,  hau) 
determined  the  energy  distribution  relative  to  a  Lyr  of  six  other 
stars  of  spectral  classes  B7  to  AO  for  the  spectral  range  X  3300  to 
X  6882.  This  group  of  stars  has  recently  been  enlarged  to  twelve, 
and  the  wavelength  range  extended  to  X  11000.  They  have  been 
used  as  secondary  standards  for  the  major  planet  program. 

These  standards  have  relatively  smooth  continua,  except 
for  hydrogen  absorption.  To  determine  the  color  response  of  this 
system,  on  nights  that  the  planets  are  scanned,  scans  are  also 
made  of  a  Lyr  and  the  secondary  standard  closest  to  each  planet. 
A  smooth  curve  is  then  drawn  across  the  hydrogen  lines  of  the 
standards,  except  in  the  region  X  4000  down  to  the  Balmer  limit. 
Biere  the  Balmer  lines  are  crowded  so  close  together  it  is  not  possible 
to  determine  the  continuum  level.  For  this  region  a  smooth 
curve  is  drawn  for  the  difference  (a  Lyr^^^  —  a  Lyr„^  ^ )  or 

(StarQi,,  StaTuj^ ). 

It  is  planned  to  reduce  the  data  for  each  planet  against  this 
secondary  standard.  The  measurements  by  Oke  of  the  secondary 
standards  are  still  in  progress,  so  the  curves  at  the  end  of  this 
paper  have  been  obtained  by  the  use  of  a  Lyr  only.  This  p'x>oedoie 
will  of  course  neglect  possible  special  inhomogeneities  in  the  atmos¬ 
phere. 

For  removal  of  the  atmospheric  extinction  from  the  measured 
curves,  an  extinction  oi  die  following  form  has  been  assumed 
exp  [ —  (A,  -1-  Aj  X“*)  sec  z  —  A,  (X)] 
where  A,  (X)  is  extinction  due  to  absorption  bands  which  may 
exhibit  a  curve  of  growth.  It  has  been  assumed  the  product  of  A, 
times  the  change  in  sec  z  is  small  compared  to  the  Rayleigh  term. 
The  Rayleigh  extinction  has  been  removed  by  means  of  a  standard 
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Rayleigh  atmosphere.  The  coefficient  has  been  determined 
experimentally  at  Mt.  Wilson  by  Oke  (•). 

Extinction  due  to  telluric  absorption  has  been  removed  for 
the  X  6870,  X  7200,  and  X  7600  O,  bands.  Where  these  bands  are 
clearly  defined  in  the  planetary  scan,  they  are  removed  by  drawing 
a  smooth  curve  across  the  band.  For  those  oases  where  absorption 
in  the  planetary  atmosphere  obliterates  the  shape  of  the  Oj  band, 
correction  is  made  by  interpolation  to  the  proper  air  mass  from  a 
curve  of  absorption  vs.  air  mass  for  those  planets  and  stars  for 
which  the  shape  of  the  band  is  clearly  defined. 

6.  Spbctbai.  Enbboy  DiSTBiBimoics  OF  THX  Major  Planxts 

Measurements  of  the  spectral  energy  distributions  are  still  in 
progress.  Nevertheless,  in  the  complete  absence  of  any  such  «  high  » 
resolution  data  in  the  literature,  examples  of  the  reduced  curves 
will  be  presented  here.  These  may  be  considered  as  provisional 
energy  distributions.  The  7090  program  is  not  yet  completed,  so 
these  curves  have  been  obtained  by  planimetering  the  data  in 
100  Angstrom  intervals  between  wavelengths  of  even  hundred 
Angstroms. 

The  curve  for  each  planet  is  obtained  by  fitting  together  the 
first  and  second  order  curves,  which  overlap  from  X  4800  to  X  6200. 

Figure  4  gives  the  energy  distribution  for  Jupiter,  and  Figure  6 
for  Saturn.  In  the  case  of  Jupiter  the  slit  covered  an  area  near  the 
center  of  the  image  of  the  planet,  for  Saturn,  half  way  between 
the  inside  edge  of  the  ring  in  front  of  the  planet,  and  the  upper 
edge  of  the  planet. 

The  large  dip  in  these  curves  with  minimum  at  X  7200-X  7300 
is  methane  absorption,  as  is  the  smaller  one  from  X  6100-X  6300.  It 
may  be  seen  from  these  points  that  methane  absorption  is  greater 
for  Saturn,  in  accordance  with  the  finding  of  previous  authcnrs. 

The  relative  maximum  for  Jupiter  occurs  over  the  region 
X  6600  to  X  6100  and  for  Saturn,  X  6600  to  X  6600.  These  are  in  con- 
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MAGNITUDES  (Am*  0.20) 


traet  with  the  solar  energy  distribution  which  exhibits  a  maximum 
firom  X  4500  to  X  4900. 

Detailed  comparison  of  the  energy  distributions  is  difficult 
nnlnaa  the  two  cuTves  agree  over  a  substantial  region  of  the 
spectrum.  The  curves  for  Jupiter  and  Saturn  do  not.  It  does  appear 
however  that  Saturn’s  energy  falls  off  more  rapidly  shortward  of 
at  least  X  4900,  followed  by  the  unique  minimum  near  X  3850. 


131 


Fig.  4.  —  Jupiter.  @  —  Spectral  Energy  Distribution.  Q  —  Reflectivity. 


(030>"7>  SiOnxiNOVN 


Figure  6  gives  the  energy  distribution  for  Uranus  and  Figure  7 
for  Neptune.  For  these  two  planets  slitlees  speotrosoopy  of  the 
whole  disk  vw  used. 

For  Neptune  and  to  a  lesser  degree  Uranus,  in  order  to  receive 
sufficient  energy  on  the  photomultiplier  at  the  resolutions  used,  it 
is  necessary  to  increase  the  amplifier  gain  to  a  point  where  dark 
current  pulses  become  troublesome.  The  Neptune  curve  has  there- 
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Spectral  Energy  Distribution.  CD  —  Reflectivity. 


(020*»v)  saoniiNovw 


fore  been  out-off  at  X  7000  and  Uranus  at  X  7800  pending  further 
analysis  of  the  data. 

For  these  two  planets,  longward  of  approximately  X  6000  the 
spectra  are  dominated  by  a  continuous  series  of  methane  bands 
which  make  it  impossible  to  determine  the  true  continuum  level 
with  this  resolution. 

Comparison  of  the  energy  distributions  of  the  four  planets 
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Uranus  :  ®  —  Spectral  Energy  Distribution.  Q  —  Beflectivity. 


MAGNITUDES  (Am*  0.20) 


shows  the  great  similarity  between  Uranus  and  Neptune,  and 
between  Jupiter  and  Saturn,  compared  to  differenoes  between  the 
two  groups.  This  is  exhibited  particularly  by  the  methane  domi¬ 
nance  mentioned  above  and  to  a  lesser  degree  by  the  slope  in  the 
blue  and  UV  region.  In  this  latter  region  the  Uranus  and  Neptune 
curves  are  very  similar  while  Jupiter  and  Saturn  both  show  mar¬ 
kedly  greater  slopes  although  differing  somewhat. 

6.  Planbtaby  Bbtleotiyitibs 
It  is  not  possible  to  make  direct  measurements  of  the  solar 
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Fig.  7.  —  Neptune  :  ®  —  Spectral  Elnergy  Distribution.  Q3  —  Reflectivity. 


•peotrum  with  this  instrument.  Instead,  a  standard  solar  carve 
has  been  adopted  from  the  work  of  other  observers. 

The  most  extensive  work  on  the  solar  energy  distribution  was 
done  by  observers  at  the  Smithsonian  Institution.  Their  results 
were  slightly  modified  by  Johnson  (*)  and  his  values  were  used  here 
from  X  4100  to  X  8000.  Below  X  4000  the  solar  absorptions  cause 
greater  local  fluctuations  in  the  energy  distribution  curve.  However 
the  Smithsonian  resolution  was  considerably  less  than  that  used 
here  and  in  this  region  Johnson’s  values  do  not  smooth  out  the 
fluctuations  in  the  planetary  values. 

Dunkelman  and  Soolnik  (*)  have  recently  remeasured  the 
solar  spectral  irradiance  to  X  6500.  Their  resolution  more  nearly 
approximates  that  used  here,  although  still  somewhat  less.  Their 
integrated  curve  compares  closely  with  the  Smithsonian  data. 
Their  values  have  been  fitted  to  the  Smithsonian  data  and  are  used 
for  X  <  4100  A. 

Planetary  reflectivities  have  been  calculated  with  the  use  of 
this  composite  solar  curve  and  are  shown  in  Figures  4-7.  This  net 
effect  is  to  raise  both  ends  of  the  curves  and  to  smooth  out  regions 
where  there  are  no  planetary  absorptions.  The  energy  of  all  four 
planets  still  falls  off  steadily  toward  the  UV,  Jupiter  and  Saturn 
from  maxima  which  now  have  moved  out  to  X  6760. 

7.  Ck>NCLUi>iNO  Bshabks 

A  formal  averaging  process  of  the  reduced  ciu^es  for  a  given 
planet  has  been  reserved  for  a  later  publication  primarily  because 
certain  refinements  in  the  instrumentation  are  still  being  made 
which  will  decrease  the  probable  errors.  In  general  the  curves 
reduced  to  date  repeat  quite  weU  and  it  is  anticipated  that  changes 
from  these  provisional  curves  will  be  small,  less  than  Am  =  ±  0.03 
in  local  regions.  Modifications  between  regions  and  curve 
maxima  may  exceed  this  because  of  the  standard  atmosphere 
assumed  to  date. 
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13.  —  HYDROGEN  AND  HELIUM  RESONANCE 
RADIATION  FROM  THE  PLANETS 


John  C.  BRANDT 
Berktley  Astronomical  Department 
University  of  California,  U.  S.  A. 

1.  Venus  and  Maks 

The  diffuse  Lyman-a  radiation  in  the  night  sky  discovered  by 
Kupperian,  Byram,  Chubb,  and  Friedman  (1958,  1959)  has  been 
interpreted  as  solar  Lyman-a  radiation  scattered  by  a  cloud  of 
terrestrial  hydrogen  (Brandt  1961  a,  b).  It  is  natural,  then,  to 
inquire  about  the  possibility  of  similar  hydiogen  (and  helium) 
emissions  from  other  planets  such  as  Venus  and  Mars.  As  on  the 
earth,  the  existence  of  appreciable  amounts  of  neutral  hydrogen  on 
Venus  and  Mars  depends  on  a  production  process  ;  we  assume  that 
the  process  is  the  same  as  in  the  terrestrial  atmosphere,  namely, 
the  photodissociation  of  water  vapor.  Since  the  amount  of  water  in 
these  planetary  atmospheres  may  be  relatively  small  compared  to 
the  amount  in  the  terrestrial  atmosphere,  the  relative  amount  of 
neutral  hydrogen  may  also  be  smaller  (see  Kellogg  and  Sagan,  1961). 

An  observer  looking  down  on  the  day  side  of  the  earth  would 
see  the  diffuse  reflection  of  solar  Lyman-a  from  a  conservative,  iso¬ 
tropic  scattering  atmosphere  of  approximately  unit  opacity.  The 
emission  rate  is  given  by  (  Chandrasekhar  1960,  p.  211  and  p.  218). 

4kI,  (0,  (i)  =  (ttF,)  [X*((x)  X*([Xo)  -  Y*((x)  Y*((io)],  (1) 

ix  +  (Xo 

where  the  notation  is  standard  and  the  functions  X*([x)  and  Y*(y.) 
have  been  tabulated  (Chandrasekhar  and  Elbert  1952).  To  obtain 
the  total  line  intensity,  one  then  integrates  equation  (1)  over  the 
full  Doppler  width  of  the  atmosphere  (taken  as  due  to  a  temperature 
of  300-400OK  for  the  earth). 

We  adopt  a  flux  in  Lyman-a  of  6  ergs/cm*-seo  and  a  width  of 
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lA  (Puroell  and  Toosey  1960).  The  day  emisBion  rate  for  the  earth 
then  beoomes 

4irl^  (X  1216)  «  10  iR.  (2) 

One  rayleigh(R)  oorreeponds  to  an  app  rent  emission  rate  of 
47(1  s=  10*  photons /om*-seo  (column).  By  simply  scaling  the  inci¬ 
dent  solar  flux,  we  may  compute  upper  limits  to  the  day  intensity 
of  difFiise  L3m:ian-a  on  Venus  and  Mars.  These  values  are 


47(15  (>^1216)  <  26  kR, 

(3) 

47(1^  (X1216)  <  6  iR. 

(4) 

Observations  of  the  day  intensity  of  diffuse  Lyman-a  radiation 
firom  close  approaches  could  yield  valuable  information  oonoeming 
the  abundance  of  hydrogen,  the  scale  height  and  the  temperature 
in  the  outer  layers,  the  abundance  and  photochemistry  of  water 
vapor,  and  the  rate  of  escape  of  planetary  atmosphere  (see  also 
Chamberlain  1961). 

The  day  problem  for  reflection  of  X684  by  neutral  helium  in 
the  terrestrial  atmosphere  has  been  treated  (Brandt  1961c).  The 
terrestrial  atmosphere  is  thought  to  be  optically  thick  over  the 
full  Doppler  width  of  the  atmosphere.  The  intensity  is  given  by 
(Chandrasekhar  1960,  p.  124) 


4,(I,  =  (,(FJ-^H((x)H(^l,),  (6) 

»*  +  1*0 

where  the  H-functions  have  been  tabulated  (Chandrasekhar  1960, 
p.  126).  We  adopt  the  same  parameters  as  before  (Brandt  1961o) 
to  obtain 


47(1^  (X684)  1000  R.  (6) 

When  the  fluxes  are  changed  for  Mars  and  Venus,  we  find 

47(1  j  (X684)  <  400  R,  (7) 

and 


47(15  ~  2000  R.  (8) 

The  scaling  receives  some  justification  from  the  fact  that  the 
densities  of  the  earth,  Mars,  and  Venus  are  similar,  and  because 
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helium  is  produced  in  the  earth’s  crust  by  the  radioactive  decay  of 
thorium  and  uranium.  The  mequality  has  been  placed  in  equation(7) 
as  Mars  has  a  mass  approximately  1  /lO  that  of  the  earth.  There  is 
some  expectation  that  Mars  has  undergone  less  geological  differen¬ 
tiation  than  the  Earth,  that  less  crustal  concentration  of  U  and  Th 
has  occured,  and  that,  consequently,  the  abundance  of  radiogenic 
He  is  smaller  on  Mars  (Sagan,  1962  a). 

Observations  of  the  X584  radiation  from  Mars  and  Venus  could 
yield  valuable  information  concerning  the  composition  of  the  crust 
and  rate  of  escape  of  helium  in  addition  to  the  abundance  and 
scale  height  of  helium.  The  expected  terrestrial  day  intensity  of 
X304  is  small  (Brandt  1961c),  and  we  will  not  consider  this  line  here. 

2.  JCPITKB  AND  SaTUBN 

In  a  recent  study,  Zabriskie  (1962)  has  determined  the  column 
density  of  molecular  hydrogen  above  the  cloud  tops  in  the  Jovian 
atmosphere  and  finds  N(H,)  =  1.26  x  10**/cm*.  This  value  and 
the  appropriate  cross  section  for  Rayleigh  scattering  by  H*  (e.  g., 
Vardya  1962)  give  an  opacity  above  the  cloud  tops  of  about  5  at 
X1216.  Thus,  there  is  the  possibility  that  the  far  ultraviolet  spectrum 
of  Jupiter  may  be  largely  the  solar  spectrum  diffusely  reflected  by 
a  conservative,  Rayleigh  scattering  atmosphere  (which  we  ap  pro¬ 
ximate  as  scattering  according  to  Rayleigh’s  phase  function, 
p(0)  =  3/4(1  -f  cos*  ©),  where  0  is  the  scattering  angle). 

For  observations  of  Jupiter  at  opposition  from  the  earth, 
(X  =  (ig,  <p  =  <pg,  and  the  diffusely  reflected  intensity  from  a  con¬ 
servative  atmosphere  scattering  on  Rayleigh’s  phase  function  can 
be  written  (Cliandrasekhar  1960,  p.  143)  as 

=  3/16  { 1  /3  ij.*  ((x)  -f  8/39*  (l^)  (9) 

(1^®) 

-  [2(x  (1  -  p*)*/*HW(|x)]*  +  [(1  -  |x*)  H(*)  (p)]*} 

=  R(jii). 
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The  funotioM  9(|x),  2fi(l  —  HW  ((x),  and  (1  —  (i»)  H(*)(|i) 
have  been  tabulated  by  Chandrasekhar  (1960,  p.  145,  Table  XXI). 
The  flux  from  an  atmosphere  scattering  on  Rayleigh’s  phase  func¬ 
tion  is  readily  calculated  and  is 

(nF)  =  Q*  j'  (xR(,x)dpt  (10) 

Here  r  is  the  radius  of  the  planet  under  observation  and  d  is  the 
distance.  The  integral  in  equation  (10)  has  the  value  1.37. 

The  only  observations  available  to  test  the  hypothesis  of  Ray¬ 
leigh  scattering  are  the  observations  of  Boggess  and  Dunkelman 
(1059).  Th^  rocket  observations  at  2700A  give  a  flux  from  Jupiter 
of  1.66  X  10“^  erg8/cm*-sec-100A.  The  same  quantity  can  be 
calculated  from  equation  (10)  with  the  aid  of  known  solar  fluxes 
(Hinteregger  1961)  and  we  obtain  8.2  x  10“’  erg8/cm*-8ec-i00A. 
Thus,  the  observed  flux  is  about  20  percent  of  the  computed  flux, 
and  hence,  an  absorbing  process  most  be  important  at  2700  A. 
This  behavior  is  roughly  consistent  with  ground  ba.%d  photometry 
(Harris  1961).  The  fact  that  only  20  percent  of  the  «  expected  »  flux 
at  2700A  is  observed  should  not  be  surprising.  The  atmosphere  is 
far  from  optically  thick  in  Rayleigh  scattering  by  H,  above  the 
cloud  tops  as  the  opacity  is  only  1  /5.  Hence,  the  absorption  could  be 
caused  by  constituents  in  the  clouds.  We  note  also  that  the  obser¬ 
vations  at  270QA  could  be  influenced  by  the  dissociation  continuum 
of  H|.  On  the  basis  of  the  iiltraviolet  photometry  (X3500,  see  Harris 
1961)  we  would  favor  absorption  in  the  clouds  (see  also,  Sagan, 
1962b).  The  region  near  X1216  is  optically  thick  above  the  cloud 
tops  and  away  from  the  H|  dissociation  limit.  Hence,  calcu¬ 
lations  of  the  Lyman-a  intensity  on  the  basis  of  an  optically  thick, 
conservative,  Rayleigh  scattering  atmosphere  may  be  reasonable. 
In  any  event,  these  numbers  may  be  regarded  as  upper  limits. 

From  equation  (9),  we  may  calculate  the  intensity  at  any 
point  on  the  disk  of  Jupiter,  e.  g., 

47rl2i.  (X1216  :  disk-center)  60  kR,  (11) 
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and 

4kI2^  (X1216  ;  limb)  lOibB.  (12) 

The  flux  from  Jupiter  at  the  earth  oan  be  computed  from  equation 
(10)  and  is 

7cF2i.  (X1216  :  opposition)  »=»  2  x  lO"*  ergs/om^-sec.  (13) 
Such  fluxes  are  measurable  with  present  day  techniques.  It  is 
simply  necessary  to  use  a  sufficiently  smaU  field  of  view  to  reduce 
the  contamination  due  to  terrestrial  hydrogen  (Friedman  1962). 

The  analogous  quantities  for  the  helium  lines  from  Jupiter 
are  easily  computed  from  Hinteregger’s  (1961)  data.  For  X684,  the 
flux  is  3  X  10~*^  ergs/cm*-seo  and  the  emission  rate  (disk-center) 
is  500  R.  For  X304,  the  flux  is  8  X  10~^^  ergs/cm*-8ec  and  the 
emission  rate  (disk-center)  is  650R. 

The  quantities  for  Lyman-a  from  Saturn  follow  from  equations 
(9)  and  (10)  and  are  ; 

47:1^  (X1215  :  disk-center)  20  kR  ;  (14) 

4jtlft  (X1216  :  limb)  ;  (16) 

and 

TtFfj  (X1215  :  opposition)  1  x  lO-^®  erg8/cm*-8ec  (16) 
For  X  684,  the  flux  is  2  x  10“**  erg8/cm*-8ec  and  the  emission  rate 
(disk-center)  is  160  R.  For  X  304,  the  flux  is  4  X  10““  ergs/cm*-sec 
and  the  emission  rate  (disk-center)  is  200  R. 

Observations  of  the  hydrogen  and  helium  resonance  lines 
from  Jupiter  and  Saturn  could  provide  us  with  clues  concerning 
the  scattering  mechanism  and  the  presence  of  absorbing  media  in 
these  atmospheres. 


3.  Conclusions 

It  appears  that  Lyman-a  radiation  can  be  observed  with 
present  day  techniques  from  Venus,  Mars,  Jupiter,  and  Saturn  if  the 
intensities  are  near  the  estimates  given  in  this  paper.  It  is  clear  that 
much  valuable  information  concerning  the  particular  atmosphere 
would  be  obtainable  from  such  observations.  Observations  of  the 
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Raman  band  (Q-branoh)  near  1280A  (Herzberg  1960,  p.  62  and 
p.  114)  due  to  Lyman-a  may  also  be  of  some  value  in  the  study  of 
the  atmospheres  of  Jupiter  and  Saturn. 

Valuable  information  conoeming  the  crusts  (and  possibly  the 
interior)  of  Mars  and  Venus  may  be  obtainable  from  observations 
of  the  helium  line  X  584. 

I  am  indebted  to  Drs.  H.  Friedman  and  C.  Sagan  for  helpful 
communications. 
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14.  —  NUMERICAL  SOLUTIONS  OF  THE  AUXILIARY 
EQUATION  FOR  AN  INHOMOGENEOUS  PLANETARY 
ATMOSPHERE  (*) 

J.  S.  GOLDSTEIN 

Brandeia  Univeraity  .  Baird  Atomic,  Ine. 

Waltham,  Afaaa.  ^  Cambridge,  Maaa.,  V.  S.  A. 

I.  Introduction 

The  problem  of  scattering  in  a  planetary  atmosphere  has  been 
considered  by  Chandrasekhar  (1950)  and  others.  We  wish  to  extend 
this  ti-eatment  to  the  case  of  an  atmosphere  in  which,  for  one  of 
several  reasons,  the  ratio  of  the  local  mass  scattering  coefficient 
to  the  local  mass  extinction  coefficient  may  vary.  This  ratio,  which 
is  termed  the  local  albedo,  will  be  considered  in  this  note  to  vary 
only  with  depth  in  the  atmosphere. 

There  are  two  distinct  reasons  why  the  local  albedo  may  be  a 
function  of  depth  in  a  planetary  atmosphere.  The  more  obvious 
reason  is  a  variation  in  chemical  composition  with  depth,  leading 
to  a  change  in  absorptivity  wdth  a  non-compensating  change  in  the 
mass  scattering  coefficient.  Examples  of  this  phenomenon  are  to  be 
expected  in  all  planetary  atmospheres  ;  thus,  in  the  terrestrial 
atmosphere,  the  highest  levels  contain  dissociated  oxygen  and 
nitrogen  ;  at  lower  levels,  the  molecular  forms  predominate,  and 
in  the  ozonosphere,  the  O3  molecule  contributes  a  large  absorptivity 
at  about  9  microns.  In  the  atmosphere  of  Mars,  according  to  the 
model  of  Chamberlain  (1962),  the  upper  levels  are  rich  in  the  mole¬ 
cule  CO  ;  at  an  altitude  of  about  130  km.,  there  is  a  transition  to  the 
CO,  molecule,  together  with  a  thin  layer  of  O,. 

In  the  infrared  portion  of  the  spectrum,  there  is  an  additional 
reason  why,  oven  in  a  chemically  homogeneous  atmosphere,  the 
local  albedo  may  vary  with  depth,  and  this  effect  is  due  to  pressure 

( *)  Suported  in  part  by  U.  8.  .lir  Force  Cambridge  Besearob  Laboratory, 
Office  of  Aerospace  Research,  under  Contract  AF  19(604)-7283. 
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broadening  of  spectral  lines.  If  an  absorption  line  is  completely 
contained  within  the  slit  width  of  the  detector,  and  if  the  path 
length  is  long  enough  so  that  the  line  center  begins  to  satmate  in 
absui'plion,  then  au  increase  in  line  width  due  to  pressure  broade¬ 
ning  will  lead  to  an  increase  in  the  observed  absorption  as  seen  by 
the  detector.  For  a  detector  of  finite  slit  width,  the  observed 
absorptivity  usually  consists  of  an  average  over  many  spectral 
lines.  This  effect  leads  to  a  significant  departure  from  the  usual 
exponential  attenuation  law,  and  also  leads  to  an  effective  absorp¬ 
tion  coefficient  which  is  dependent  on  the  pressure.  This  case  has 
been  considered  by  Goldstein  (1960),  where  a  solution  of  the  scat¬ 
tering  problem  is  obtained  as  an  expansion  in  the  number  of 
scatterings. 


II.  The  Equation  fob  the  Reflectivity 

The  general  equation  for  the  reflectivity  of  an  atmosphere  for 
which  the  local  albedo  is  a  function  of  depth  has  been  derived  by 
Bellman  (1956)  and  by  Goldstein  (1960).  The  assumptions  which 
are  made  are  the  following  : 

a)  The  atmosphere  is  considered  to  be  stratified  in  planes  of 
constant  z,  that  is,  all  atmospheric  parameters  such  as  density,  etc., 
are  functions  of  z  only  ; 

b)  The  atmosphere  is  considered  to  be  infinitely  thick,  although 
this  restriction  can  ultimately  be  removed  ; 

o)  At  the  wavelength  considered  the  atmosphere  is  sufficiently 
cold  to  permit  the  neglect  of  self-emission  (*). 

(*)  The  solution  for  the  case  when  emission  cannot  be  neglected  is  in  any 
case  based  on  the  solution  for  no  emission.  The  case  for  no  emission  leads  to 
an  equation  (e.  g.,  eq.  (3))  which  is  termed  the  «  auxiliary  equation  »  by 
Busbridge  (1960). 
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Assumption  (a)  permits  the  definition  of  the  optical  thickness  t  : 


t(z) 


=r 


p{z')k{z')dz’ 


(1) 


where  p(z)  is  the  density,  and  k{z)  is  the  total  extinction  coefficient 
at  the  wavelength  in  question  (the  dependence  of  various  parameters 
on  wavelength  will  not  be  indicated  explicitly).  In  equation  (1) 
the  positive  direction  of  t  is  taken  inwards  ;  that  is,  t  =  0  corres¬ 
ponds  to  a  point  outside  the  atmosphere. 

The  outward  and  inward  radiative  intensities  are  denoted 
by  I+,  I_  respectively.  These  quantities  ar*'  ♦‘unctions  of  the  variable 
T  and  of  the  directions,  denoted  by  (fx,  9).  Jt/«re  9  is  the  azimuthal 
angle,  and  p  is  defined  as  the  cosine  of  the  acute  angle  between  the 
beam  and  z-  direction.  By  convention,  0  ^  (x  1 . 

The  reflectivity  may  then  be  defined  by  the  equation 

.2" 


I+It,  IX,  9) 


^9'  .S(t  :  ix.  9  ;  jx',  9')  I_{t,  (x',  9')  (2) 


and  it  follows  directly  from  the  equation  of  radiative  transfer  that 
the  reflectivity,  S,  satisfies  the  following  nonlinear  integral  equation 
(where  the  symbol  Q  stands  for  ([x,  9))  : 


1  r*  f  *  *  Vt'  ) 

S(T,  Q,  iio)  =  -  J  "  dx'^{  Y(a,  il,) 

d  * 

+  ~  d9'[S(T'.  Q,  fI')Y(Q'.  n„)  +  Y(fl,  Q')S(t',  Q',  Q,)]  (3) 

Jo  *0 

r‘d|x'  r*"  r^dix"  r*" 

+  ^  ^  d?"  Si-f'.  ^')  Y(«',  «")  S(t',  Cl",  Qo)} 

*0  i*  *0  *^0  t*  *0 


This  equation  is  to  be  understood  as  follows  ;  the  quantity  (i>(t)  is 
what  we  have  called  the  local  albedo  ;  if  o  is  taken  as  the  local  mass 
scattering  coefficient,  we  have 

w{t)  =  a{x)lk{T)  (4) 

where  the  2-dependence  of  a  and  k  has  been  replaced  by  a  x-depen- 
dence.  The  quantity  y(^>  ^0)  is  ^he  scattering  phase  function. 
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representing  the  probability  of  scattering  from  direction  Qo  into 
direction  fl.  This  function  is  normalized  to  4n,  i.  e. 

I*  I*  d<}>  Y(fl,  f2o)  =  47t  (6) 

J-i  •'o 

The  phase  function  is  always  a  function  only  of  the  cosine  of  the 
angle  between  the  two  directions.  We  shall  be  concerned  principally 
with  the  case  of  isotropic  scattering,  characterized  by  y  —  i- 
Rayleigh  scattering,  with  y  =  3/4(1  +  co8*6),  will  also  be  discussed, 
and  we  shall  make  some  comments  regarding  other  phase  functions. 
The  full  derivation  of  eq.  (3)  may  be  found  in  the  paper  by  Bellman 
or  that  of  Goldstein.  The  problem  of  variable  local  albedo  has  also 
been  considered  by  Case  (1957). 


III.  Isotropic  Scattering 


We  consider  now  approximate  methods  for  the  solution  of 
eq.  (3).  A  case  of  particular  interest,  owing  to  its  relative  simplicity, 
is  the  case  of  isotropic  scattering,  y  ==  1.  This  case  is  characterized 
by  a  relatively  slow  convergence  of  the  iteration  process  previously 
mentioned.  We,  therefore,  seek  a  more  suitable  procedure. 

For  y  =  1,  the  reflectivity  is  independent  of  the  azimuthal 
angle  9.  Eq.  (3)  then  assumes  the  form 

S(t,  (1,  po)  —  J~j 

[1  +  2tc  J  ^  S(t',  |x,  p')]  [1  +  27t  J  ^  S(t',  (i’,  (6) 

It  is  readily  seen  that  S(t,  |x,  po)  symmetric  in  the  aiguments 
p,  po-  Following  the  approach  used  by  Chandrasekhar  when  u  = 
constant,  we  define 

jr(T,  p)  =  1  +  27C  f  ^  S(T,  p,  p')  (7) 

Jn  (A 


146 


from  which  it  follows  at  once  that  Jf’(T,  [i)  satisfies  the  following 
non-linear  equation  : 

■^(f,  |a)=14- V2  f 
Jo 

In  the  event  <>)(t)  =  constant,  the  Jf-functions  may  be  assumed 
to  be  independent  of  t.  In  that  case,  the  t'  integration  may  be  car¬ 
ried  out  at  once,  and  the  familiar  equation  for  the  Chandrasekhar 
H-function  is  obtained. 

For  general  6>(t),  the  manipulations  used  by  Chandrasekhar 
cannot  be  used  ;  in  particular,  the  moment  integrals  cannot  be 
obtained.  While  we  hope  eventually  to  compute  the  function 
H(t,  [i)  exactly,  for  the  present  work  we  have  used  an  approxima¬ 
tion  method  which  is  presented  below. 

We  introduce  the  notation  H,^(|x)  for  the  Chandrasekhar 
H-function  appropriate  to  the  constant  albedo  to.  Let  us  then 
assume  that  eq.  (8)  may  be  solved  approximately  by  such  a  function 
for  an  albedo  m  which  may  depend  on  t,  but  not  on  t'.  Thus,  we 
assume 


f 


jr{T',  (l')jr(T',  (x)dT'  (8) 


Hj(x) 


1  4- 


ci>(T')e 


'll  u/ 


H„([x)dT'  (9) 


The  parameter  w  must  now  be  determined  to  make  the  error  as 
small  as  possible. 

We  expand  o>(t')  in  a  power  series  about  t'  =  t 

w(t')  =  w(t)  +  (t'  —  t)w'(t)  -f  ...  (10) 

The  e.xponential  factor  ensures  that  we  do  not  have  to  consider 

values  of  (t'  —  t)  much  in  excess  of(i-|--^  <-"We  obtain  then 

NjA  (a'/  2 


H„(!x)  1  +  C  H,((a')  H,((x)  dr'  (11) 

2  Jo  Jt 

^  ^)  J  djx  J  ^  dx'  +  ... 

2  Jo  Jx 

The  Chandrasekhar  H-functions  satisfy  eq.  (9),  with  <d(T')  =  w  ; 


147 


consequently  the  integrals  in  (11)  are  easily  evaluated,  and  we 
obtain  the  following  equation  for  tv  : 


m 


(o'M  H'  (ix) 


(12) 


As  might  have  been  expected,  when  (o'(t)  is  small,  a  reasonable 
solution  of  this  equation  is 

TV  =  6)  (t)  (13) 


If  we  introduce  this  approximation,  the  last  term  in  eq.  (12) 
represents  the  error ;  dividing  that  term  by  ((i.),  we  obtain 
the  fractional  error,  which  we  denote  by  S  : 


w{t)  ^ 


(14) 


Under  this  approximation,  the  reflectivity  S  may  now  be 
written 


S(t,  [X,  fXo) 


(16) 


This  function  has  been  calculated  for  three  different  functional 
variations  of  co(t),  which  may  be  expected  to  be  of  physical  signi¬ 
ficance.  It  should  be  noted  that  in  the  event  3  is  not  very  small, 
an  improved  approximation  to  tv  can  be  obtained  by  iterating 
eq.  (12)  one  or  more  times,  in  which  case  tv  becomes  a  function  of  y. 
as  well  as  of  t. 


IV.  Nttmebical  Evaluation  of  S(t,  (x,  (x#)  for  the 
Isotropic  Case 

I'he  local  albedo,  (i)(t),  defined  by  eq.  (4)  can  in  some  cases  be 
represented  as 

“(t)  =  a/(o  -f  XAP('r)/p»)  (16) 

where  o  is  the  mass-scattering  coefficient,  and  x;^  is  the  mass- 
absorption  coeflScient  for  X-radiation.  The  ratio  p{t)Ipo  is  intro¬ 
duced  to  account  for  the  effective  change  in  absorption  path  length 
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due  to  preeeure  broadening.  (The  effects  of  temperature  broadening, 
which  ought  also  to  be  included,  have  been  neglected  on  the  grounds 
that  this  is  in  general  a  smaller  effect). 

If  one  assumes  an  exponential  isothermal  atmosphere,  in 
which  the  density  is  given  by 

p(z)  =  ;  p{z)  =  Poe-*'®  (17) 

then  T,  the  optical  thickness,  may  be  written 

T  =  J  [a  +  xap(2)/Po3,  p(z)d2  =  cHpoS"*'®  +  c”**®  (18) 


Fig.  1 
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Reflectivity,  8(0,  |ji,  (*,),  for  Isotropic  Scattering,  x  10* 
Conservative  Case  (o  =  1) 
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Reflectivity,  S(0,  (i,  [i,),  for  Isotropic  Scattering,  x  10* 
<0  =-  (1  +  0.2t)-*« 
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Reflectivi  J,  (jt,  ji,),  for  Isotropic  Scattering, 
<0  =  (1  +  l.Ory-^ 
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Reflectivity,  8(0,  |ji,  t^*),  for  Isotropic  Scattering, 
o>  =  (1  +  5.0t)-’^ 


Hence  the  pressure  correction  factor,  pjp^  is  given  by 

and  the  local  albedo  reduces  to 

to(T)  =  (1  +  (20) 

where  a  =  2x;i/<T*Hpo.  When  a  =  0,  we  have  the  case  of  conserva¬ 
tive  scattering  (w  —  1).  The  approximate  reflectivity  has  been  cal¬ 
culated  for  a  =  0.0,  0.2,  1.0  and  5.0.  In  all  cases,  the  error,  as 
given  by  eq.  (14),  is  of  the  order  of  5  %  or  less.  (The  error  is  greatest 
for  [X,  (1,^1,  and  a  large).  The  results  are  tabulated  in  tables  1-4. 
Sample  results  are  shown  in  figure  1. 
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— 

Fig.  * 


A  more  rapid  variation  of  co  with  t  is  given  by  the  function 


COt~*T/To 


(21) 


which  was  selected  only  for  its  ease  in  programming,  rather  than 
from  any  physical  signihcanoe.  These  results  are  tabulated  in 
tables  6-7,  and  sample  results  are  plotted  figure  2. 

Finally,  we  have  attempted  to  represent  the  case  of  a  transition 
occurring  at  some  depth  To  in  the  atmosphere,  by  choosing  a  fimo- 
tion  of  the  form 


o>(t)  =  o  + 


b 

'iTJrJro)* 


(22) 


Fig.  3 
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These  results  have  been  obtained  for  a  =  0.2,  6  =  0.8,  and  for  three 
values  of  ;  the  results  are  presented  in  tables  8-10,  and  typical 
results  shown  in  figure  3.  We  have  included  in  that  figiire  one  of  the 
curves  from  figure  1  (w  =  (1  +  av)-**'),  for  the  sake  of  comparison. 
The  three  functional  forms  of  c<)(t)  are  plotted  in  figure  4, 


It  will  be  seen  from  the  figiires  1,2  and  3  that  it  is  extremely 
difficult  to  distingmsh  one  functional  form  of  from  another, 
insofar  as  the  limb  darkening  is  affected.  Although  our  calculation 
is  only  approximate,  the  errors  are  estimated  to  be  only  of  order  6%, 
so  that  we  expect  this  conclusion  to  be  more  generally  true. 

This  result  is  to  be  understood  by  recognizing  that  the  prin¬ 
ciple  dependence  of  S(0,  [x,  ixq)  on  angles  is  contained  in  the  exponen¬ 
tial  term  in  the  integral  of  eq.  (15),  which  is  common  to  all  (o-func- 
tions.  The  H-functions  themselves  do  not  vary  strongly  over  the 
interval  of  t  which  contributes  to  the  integral ;  for  many  of  the 
integrations,  particularly  at  large  values  of  zenith  angle,  all  of  the 
contribution  comes  from  values  of  t  such  that  ^  1. 
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Reflectivity,  8(0,  [x,  (i,),  for  Isotropic  Scattering, 
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Reflectivity,  S(0,  y.,  (i,),  for  fsotropic  Scattering,  x  10* 
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Reflectivity,  S(0,  (ji,  (i,).  for  Isotropic  Scattering, 
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Reflectivity,  S(0,  (i,  (i,),  for  Isotropic  Scattering,  x  10* 
<0  =  0.2  +  0.8  [1  +  (t/0.2)*]-> 
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Reflectivity,  S(0,  ji,  n,),  for  Isotropic  Scattering,  x  10' 
o)  =  0.2  4-  0.8  [1  +  T*]-* 
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Reflectivity,  8(0,  (i,  (i.,),  for  Isotropic  Soattering,  x  10* 
o>  =  0.2  +  0.811  +  (t/5.0)*]-* 


V.  Rayleigh  Scattbbiko 


Although  the  oaloulation  for  Rayleigh  scattering  is  not  yet  com¬ 
plete,  we  indicate  here  the  nature  of  the  problem,  and  how  we  will 
proceed,  guided  by  the  solution  for  the  isotropic  case. 

Rayleigh  scattering  is  characterized  by  a  phase  function  of  the 
form  (neglecting  polarization  phenomena)  : 

3 

Y(cos  6)  =  -  (1  -f  cos*  0)  (23) 

4 

or,  in  terms  of  normalized  spherical  harmonics 

Y(coe0)=  1 +  .^Y„(0,9)  (24) 

’  6 


We  assume  that  S(t,  Cl,  Cl^)  can  be  written  in  the  form 

i 

S(t,Q,Q,)=  2  8«(t,  |x,  (26) 

mm, — 2 

where,  since  y{Cl,  fl#)  is  an  even  function  of  (9  —  90),  we  may 
assume  S_*  =  S„. 

If  eqs.  (24)  and  (25)  are  substituted  into  eq.  (3),  and  use  is 
made  of  the  addition  theorem  for  spherical  harmonics,  the  follow¬ 
ing  equations  are  obtained  : 


8*(t,{i,{i,)  =  ^  J* 


{<I>(t',  ix)<1>(t',  p,)  -f  x(t',  fi)x(T',  |i«)}dT'  (26) 

where 

2  Jo  i*  % 

[0(t',  |i')  6>(t',  p)  +  x(t'.  ft)]  dr'  (27) 

and 

X(t,  DP*(f*)  +  2  J  J  <o(T')dT'  X 

p')  <^(t',  p)  -I-  x(t'.  p')x(t',  p)I 
(Here  P|  is  the  normalized  Legendre  polynomial). 
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We  also  obtain  equations  for  Si  and  S|,  which  are 

=  —  dx'  a>(T')e  ''•* 

471  J 


S/(t,  |i,  Ho) 
where 
^(t,  h) 


(29) 


1 

V6 


[I^*((^)+i  f'  f  A(T')Xy(T'.  h')  Xy(T',  H)dT']  (30) 

Chandrasekhar  has  shown  that  in  the  case  (i>(t)  =  constant, 
separate  equations  may  be  obtained  for  the  O-  and  x-functions  ; 
they  are  simply  related  to  a  more  general  class  of  H-functions. 
In  the  present  instance,  the  separation  does  not  appear  to  be 
possible,  and  eqs.  (27)  and  (28)  must  be  solved  as  a  coupled  set. 

It  is  our  intention  to  deal  with  these  equations  in  the  same 
approximation  already  introduced  for  isotropic  scattering  ;  namely, 
to  compute  a  set  of  functions  for  constant  o>,  e.  g.,  <I>„(h).  Xto(l*)  • 
and  then  to  assume  in  eq.  (26),  for  example,  that 

<I>(t,  h)  ‘*>0)(T)(l^) 

X('f.!^)  «  X«(T)(l*)  (31) 

with  similar  assumptions  for  eq.  (29). 

Insofar  as  one  may  predict  a  result  not  yet  calculated,  we 
anticipate  that  the  results  will  show  a  general  insensitivity  to 
atmospheric  structure,  just  as  in  the  isotropic  case.  Nevertheless,  it 
is  felt  that  the  stronger  dependence  on  angle  which  occurs  in  the 
Rayleigh  case  makes  it  worth  while  to  pursue  the  calculation. 


VI.  Solution  by  Series 


It  has  been  shown  by  the  author  (1960)  that  an  iterative  solu¬ 
tion  to  eq.  (3)  may  be  constructed  in  which  each  term  represents 
the  contribution  of  a  single  order  of  scattering  ;  that  is,  the  first 
term  represents  single  scattering,  the  second,  double  scattering, 
and  so  on.  We  shaU  not  develop  the  procedure,  since  it  is  outlined 
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in  the  author’s  earlier  paper,  but  we  shall  merely  indicate  the 
nature  of  the  results  up  to  triple  scattering.  In  the  following, 
Sj  and  Sj  represent  the  contributions  to  the  reflectivity  of  single 
and  double  scattering  : 

1  r- 

Si(0,  Q,  Q,)  =  --  y(Q,  Q„)  co(T)e  (32a) 

4Tt 


1  f  dO.' 

S,(0.  Q.  Qo)  =  y(a,  £i')r(Q',  fi.)  y 


r 


(o(r')e 


-(M)r' 

'•*  iv  <It' 


to(T")c 


1  f  dci'  r 

+  J  Y(a  J  dr' 


dT"o(T'')e  (32b) 


The  expression  for  triple  scattering  involves  five  separate  integrals, 
each  of  the  form 


.  +  f*  r®  r  dii'dQ" 

I,  t  J.  1."  7' 


X  e 


rin,i2')r(i2\Q")r(ii".i^o)  (32c) 


It  is  clear  that  the  labor  of  computation  increases  very  rapidly  with 
the  order  of  iteration,  so  that  unless  very  rapid  convergence  can  be 
expected,  the  method  of  iteration  seems  impractical. 

There  are  two  oases,  however,  where  the  convergence  appears 
rapid  enough  for  practical  use.  It  is  easily  seen  that  under  quite 
general  conditions  on  (<>(t)  the  effective  expansion  parameter  is  no 
larger  than 


=  r  w(T)e 
Jn 


.-•'dT 


(33) 


(representing  the  coefficient  of  y  h*  ®q-  (32a)  when  (x  and  [x,  assume 
their  maximum  values).  If  this  quantity  e  is  sufficiently  small. 
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suitable  results  can  be  obtained,  although  to  obtain  reasonable 
accuracy  with  a  two-term  expansion,  it  is  necessary  for  e  to  be 
o(O.l).  The  question  of  convergence  and  the  rate  of  convergence  haa 
been  considered  in  more  detail  by  Gross  (1962). 

A  second  case  of  interest  occurs  when  the  scattering  phase 
function  has  a  strong  forward  peak.  In  that  case,  as  long  as  is 
not  identically  equal  to  unity  (conservative  scattering)  the  series 
can  be  shown  to  converge  rapidly  except  at  angles  near  grazing. 
As  an  example  of  this,  calculations  have  been  made  of  Si  and  S|, 
using  a  scattering  function  due  to  Deirmendjian  (1962),  suitable  for 
calculation  of  3.01  micron  radiation  by  water  droplets.  This  phase 
function  is  shown  in  figure  5  and  typical  results  for  Si  and  S,  are 
plotted  in  figure  6,  for  an  albedo  function  given  by  eq.  (20) 


820*  200*  ISO*  I60»  140* 


Although  the  iteration  procedure  becomes  extremely  difficult 
to  calculate  for  orders  of  scattering  greater  than  three,  it  remains 
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the  only  procedure  that  displays  the  reflectivity  explicitly  as  a 
function  of  <0(7).  This  is  extremely  important  if  the  infrared  region 
is  to  be  considered,  for  only  in  this  case  can  suitable  wavelength 
averages  be  taken.  The  procedure  for  making  such  averages  in 
terms  of  the  measured  extinction  function  is  outlined  in  the  author’s 
previous  paper  (1960). 


Fig.  6.  —  Single  and  doable  scattering ;  Deirmendjian’s  phase  funotioa 
{<a  =  1:0  =  ;  Meridi<»ial  plane) 


VII.  StTMHARY  and  Ck)NCI,USIONS 

An  approximate  method  has  been  derived  for  the  calculation 
of  the  reflectivity  of  a  planetary  atmosphere  for  the  case  of  an 
albedo  varying  with  optical  depth.  The  method  is  restricted  by 
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the  condition  that  t>>'(T)/(>>(T)  not  be  too  large,  but  in  other  respects 
seems  relatively  unrestricted.  The  method  can,  in  principle,  be 
used  whenever  the  scattering  phase  function  can  be  expanded  in  a 
finite  series  of  Legendre  polynomials.  Numerical  results  have  thus 
far  been  obtained  only  for  isotropic  scattering.  The  case  of  Rayleigh 
scattering  is  presently  being  calculated. 

The  results  for  isotropic  scattering  indicate  a  marked  insensiti¬ 
vity  to  atmospheric  structure.  In  order  to  test  whether  this  insen¬ 
sitivity  also  characterizes  a  more  physical  case,  the  following 
problems  will  be  investigated  ; 

a)  The  case  of  Rayleigh  scattering. 

b)  The  case  in  which  not  only  t»  is  a  function  of  t,  but  also  y. 
It  is  felt  that  the  method  can  be  extended  to  cover  this  case, 
although  the  approximations  will  have  to  be  somewhat  different. 

The  author  would  like  to  thank  Dr.  M.  Baker  and  Mr.  M.  Tu- 
roff,  for  extensive  help  with  the  computations.  He  would  also  like 
to  express  his  gratitude  to  Baird-Atomic,  Inc.,  Cambridge,  Mass., 
for  making  possible  the  presentation  of  this  paper  at  the  1 1th  Inter¬ 
national  Astrophysical  Colloquium. 
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16.  —  SCATTERING  FUNCTIONS  FOR 
PLANETARY  ATMOSPHERES 


D.  W,  N.  8TIBB8 

Univergity  Observatory,  St  Andrews,  Ot  Britain 

Introduction 

Detailed  numerical  application  of  the  theory  of  radiative  trans¬ 
fer  in  planetary  atmospheres  depends  largely  upon  the  availability 
of  certain  scattering  functions  in  tabular  form.  This  paper  is  con¬ 
cerned  with  the  calculation  of  two  such  functions  ;  Chandrasekhar’s 
H -functions  for  arguments  greater  than  unity,  and  the  coupled 
H-functions  originally  introduced  by  Busbridge  and  Stibbs  (^)  in 
the  theory  of  interlocked  multiplet  lines.  These  functions  are 
required  for  calculations  on  the  greenhouse  effect  in  planetary 
atmospheres  and  for  work  on  diffuse  reflection  by  planetary 
atmospheres  with  fluorescent  scattering  involving  coupling  among 
transitions.  Although  the  physical  problems  are  quite  distinct,  the 
calculations  are  related  by  the  fact  that  the  H-functions  are  required 
for  arguments  greater  than  unity. 

1.  Gbbenhouse  effect 

At  the  Nantucket  Meeting  of  the  American  Astronomical 
Society  held  in  June,  1961,  Dr  Wildt  (*)  drew  attention  to  the  fact 
that  the  solution  obtained  by  Hopf  in  1934  for  a  semi-infinite 
planetary  atmosphere  in  strict  radiative  equilibrium  could  be 
applied  to  the  problem  of  the  greenhouse  effect.  Wildt’s  genera¬ 
lization  of  Hopf’s  solution  applies  to  a  planetary  atmosphere 
with  a  grey  absorption  coefficient  for  the  solar  radiation  and  a 
different  absorption  coefficient  x,  for  the  planetary  infra-red  radia¬ 
tion,  the  ratio  x,/xp  =  n  of  the  two  absorption  coefficients  being 
constant  with  depth.  Dr  Wildt  pointed  out  that  although  this  is 
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not  a  good  model  for  familiar  planetary  atmospheres,  it  is  never- 
theless  the  only  model  for  which  the  exact  mathematical  solution  is 
known. 

The  solution  for  the  planetary  source  fimction  is  comprised  of 
two  terms,  one  arising  from  the  emergent  flux  of  planetary  heat, 
and  another  from  the  insolating  flux  of  solar  radiation.  In  the 
absence  of  planetary  heat,  the  solution  for  the  temperature  distri¬ 
bution  in  L.  T.  £.  involves  Hopf’s  q-fimction,  and  Chandrasekhar’s 
H-function  in  the  conservative  case  &>  =  1  for  the  argument 
where  oos~*|i,  is  the  angle  of  incidence  of  the  solar  radiation.  Since 
n  <  1,  the  detaUed  numerical  application  of  the  solution  wiU  depend 
upon  the  availability  of  the  H-function  for  conservative  isotropic 
scattering  for  values  of  the  argument  greater  than  unity. 


1.1.  CtthuJation  from  the  integral  equation  for  the  H-function. — 
Consider  the  case  of  isotropic  scattering  with  a  particle  albedo  ci>,and 
let  us  suppose  that  H  (|x’,  &)  is  known  for  0  <  [i'  <  1.  The  function 
H  ((1,  u)  for  (i.  ^  1  may  then  be  obtained  directly  by  quadrature  in 
Ambartsumian’s  integral  equation 

H  (|x,  «)  =  1  -f  Yz&iiH  ([x,  6  )  r  -  d(i'  ...  (1) 

•'o  +  I* 

Since  dH  ((i',  &)  j  d(x'  has  a  logarithmic  singularity  at  fx'  =  0,  it 
is  necessary  to  remove  the  effect  of  this  singularity  on  the  quadra¬ 
ture  over  (x'  by  subtracting  the  function 

F  (|x',  G>)  ~  I  — Yi  G|x'ln(x'  ...  (2) 

from  H  ((x',  £)  before  performing  the  quadrature.  From  equation  (1) 
we  thus  obtain 


1 

.  =  1  —  1/2  d>|X 
H  (|x,  w) 


'H(K'.a)-F((x',  &) 


d[x' 


Yt 


^  +  V- 


t^  +  n' 

/111  \ 


|x  ■  \»  9(x  16(x* 

Now  when  |x  ^  1,  the  series  in  the  second  of  the  correction 
terms  in  equation  (3)  is  the  Biemaim-Zeta  fimction  for  argument 
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Table  I 


The  H-Funetion  in  the  Coneervative  Case 
&  —  1.0  and  for  |i  greater  than  unity 


1* 

H(^) 

n 

H((i) 

n 

H(ti) 

D 

H((i) 

1.0 

2.0078 

26.5 

45.386 

60.5 

88.680 

76.6 

131.973 

1.5 

3.7872 

20.0 

46.252 

61.0 

89.546 

76.0 

132.839 

2.0 

4.6613 

26.5 

47.118 

51.5 

00.412 

70.6 

133.704 

2.5 

5.5327 

27.0 

47.084 

52.0 

01.278 

77.0 

134.571 

3.0 

6.4025 

27.6 

48.850 

62.6 

02.143 

77.5 

135.436 

3.5 

7.2713 

28.0 

40.716 

53.0 

03.000 

78.0 

136.302 

4.0 

8.1304 

28.5 

60.582 

53.5 

03.875 

78.6 

137.168 

4.5 

0.0071 

20.0 

51.447 

54.0 

04.741 

79.0 

138.034 

5.0 

0.8745 

29.5 

52.313 

54.5 

05.607 

79.5 

138.000 

5.5 

10.7416 

30.0 

53.170 

55.0 

06.473 

80.0 

130.765 

6.0 

11.6086 

30.5 

54.046 

55.6 

07.330 

80.6 

140.631 

6.5 

12.4754 

31.0 

54.011 

66.0 

08.204 

81.0 

141.407 

7.0 

13.3420 

31.5 

55.777 

56.5 

99.070 

81.5 

142.363 

7.5 

14.2086 

32.0 

56.643 

67.0 

00.036 

82.0 

143.229 

8.0 

15.0751 

32.5 

57.500 

57.6 

100.802 

82.5 

144.096 

8.5 

15.0415 

33.0 

58.375 

68.0 

101.668 

83.0 

144.960 

0.0 

16.8078 

33.5 

59.240 

58.5 

102.534 

83.5 

146.826 

0.5 

17.6741 

34.0 

60.106 

50.0 

103.309 

84.0 

146.692 

10.0 

18.5403 

34.5 

60.972 

50.5 

104.266 

84.6 

147.658 

10.5 

10.4065 

35.0 

61.838 

60.0 

105.131 

85.0 

148.424 

11.0 

20.2727 

35.5 

62.704 

60.5 

105.997 

85.5 

140.290 

11.5 

21.1388 

36.0 

63.570 

61.0 

106.863 

86.0 

160.166 

12.0 

22.0050 

36.5 

64.436 

61.5 

107.729 

86.5 

151.021 

12.6 

22.8711 

37.0 

65.302 

62.0 

108.505 

87.0 

161.887 

13.0 

23.7371 

37.5 

66.168 

62.5 

109.461 

87.5 

152.753 

13.5 

24.6032 

38.0 

67.033 

63.0 

110.326 

88.0 

153.619 

14.0 

25.4602 

38.5 

67.899 

63.5 

111.192 

88.5 

154.485 

14.5 

26.3353 

30.0 

68.765 

64.0 

112.058 

89.0 

155.351 

15.0 

27.2013 

39.5 

69.631 

64.5 

112.924 

89.5 

166.216 

15.5 

28.0673 

40.0 

70.497 

65.0 

113.790 

90.0 

157.082 

16.0 

28.0334 

40.5 

71.363 

65.5 

114.656 

90.5 

167.948 

16.6 

20.7003 

41.0 

72.229 

66.0 

115.521 

91.0 

158.814 

17.0 

30.6653 

41.5 

73.094 

66.5 

116.387 

91.5 

159.680 

17.5 

31.5313 

42.0 

73.960 

67.0 

117.253 

92.0 

160.546 

18.0 

32.3073 

42.5 

74.826 

67.5 

118.119 

92.5 

161.412 

18.5 

33.2632 

43.0 

75.692 

68.0 

118.985 

93.0 

162.277 

10.0 

34.1202 

43.5 

76.568 

68.5 

119.851 

93.5 

163.143 

10.6 

34.0061 

44.0 

77.424 

69.0 

120.717 

94.0 

164.009 

20.0 

35.8610 

44.5 

78.290 

69.6 

121.583 

94.6 

164.875 

20.5 

36.7270 

45.0 

79.155 

70.0 

122.449 

95.0 

166.741 

21.0 

37.5020 

45.6 

80.021 

70.5 

123.314 

05.5 

166.607 

21.5 

38.4588 

46.0 

80.887 

71.0 

124.180 

06.0 

167.473 

22.0 

39.3248 

46.5 

81.753 

71.5 

125.046 

96.5 

168.339 

22.6 

40.1907 

47.0 

82.619 

72.0 

125.912 

97.0 

160.204 

23.0 

41.0566 

47.5 

83.486 

72.5 

126.778 

97.6 

170.070 

23.5 

41.0226 

48.0 

84.351 

73.0 

127.644 

98.0 

170.936 

24.0 

42.7886 

48.5 

85.217 

73.6 

128.509 

98.5 

171.802 

24.5 

43.6544 

49.0 

86.083 

74.0 

129.375 

99.0 

172.668 

25.0 

44.5203 

40.6 

86.948 

74.6 

130.241 

99.5 

173.534 

25.5 

45.3861 

50.0 

87.814 

76.0 

131.107 

100.0 

174.390 
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two.  This  series  is  very  slowly  convergent  and  the  series  for  (x  near 
unity  will  be  likewise  slowly  convergent.  In  order  to  achieve  high 
numerical  accuracy,  it  would  be  necessary  in  such  circumstances 
to  improve  the  convergence  of  the  alternating  series  by  means  of 
Euler’s  method. 

In  this  way,  calculations  based  upon  equation  (3)  will  yield 
values  of  H  (p,  &)  for  >  1  with  an  accuracy  limited  only  by  the 
accuracy  of  &)  for  0  <  [x'  <  1.  Since  H  (|x',  &)  has  been 
tabulated  accurately  to  six  decimal  places  by  Stibbs  and  Weir  (*) 
for  values  of  the  particle  albedo  in  the  range 

St  =  0(.05)0.900(.025)0.950(.010)0.080(.005)0.990(.0025)1.0, 
values  of  the  H  ([x,  &)  for  |x  >  1  can  be  calculated  with  comparable 
accuracy.  For  values  of  S>  other  than  those  tabulated,  H  (|x',  &) 
can  be  readily  obtained  from  the  Chebychev  polynomial  approxi¬ 
mations  given  by  Stibbs  and  Weir  which  give  the  required  H-func- 
tion  accurately  to  four  decimal  places. 


1.2.  CaleulatioTU  b<ued  upon  the  complex  integral  for  Si  (\i,  &). 
—  There  is  an  alternative  method  of  calculation  which  was  the 
original  basis  of  the  work  by  Stibbs  and  Weir  (*).  The  method 
makes  use  of  the  fact  that  the  solution  of  equation  (1)  can  be 
represented  as  a  complex  integral  which  can  be  readily  transformed 
into  a  real  integral  to  give 


H  ((X,  w)  =  exp 


-f 

Jr 


In  (1  —  ci6  cot  6)  ^ 

cos*  0  -f  (x*  sin*  6  j 


..  (4). 


It  is  possible  to  calculate  the  required  H-function  for  all  (x  by  a 
suitable  quadratme  of  this  integral  form.  Table  1  gives  the  H-func- 
tion  for  £>  =  1  and  [x  =  1.0(.5)100.0  calculated  from  equation  (4) 
using  a  flexible  programme  written  for  the  IBM  7090  computer. 


2.  Fluobescbkt  scattbbino  in  planetary  atmosfhbbbs 


The  computer  programme  used  for  the  calculation  of  the 
H-functions  is  flexible  in  the  sense  that  solutions  are  obtained  for 
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the  coupled  H-fonotions  which  arose  in  the  work  by  Busbridge  and 
Stibbe  (*)  on  interlocked  multiplet  lines  with  a  conunon  upper 
state,  Chandrasekhar’s  H-funotion  being  a  special  case  of  these 
more  general  functions.  Since  the  problem  of  line  formation  in  a 
semi-infinite  atmosphere  with  no  incident  radiation  is  intimately 
related  to  the  problem  of  diffuse  refiection  by  way  of  the  principles 
of  invariance,  the  same  scattering  functions  and  the  associated 
H-functions  considered  in  detail  by  Busbridge  and  Stibbs  are 
directly  applicable  to  the  problem  of  fiuoresoent  scattering  in  pla¬ 
netary  atmospheres  in  which  there  is  a  similar  coupling  among  the 
transitions.  Some  aspects  of  this  problem  in  planetary  atmospheres 
have  been  considered  recently  by  Chamberlain  and  Sobouti  (*•'). 
However,  detailed  application  of  the  theory  awaits  the  accurate 
calculation  of  the  coupled  H-functions. 

2.1.  Calculation  of  the  coupled  H-functions.  —  It  has  been 
shown  by  Busbridge  and  Stibbs  (^)  that  the  H-functions  for  coupled 
transitions  involving  a  common  upper  state  satisfy  the  simultaneous 
integral  equations 

((i)  =  1  -t-  Yz  |jlH<  (|x)  ^  r  ...  (6) 

^  J  X,(i  -f  X((i 

»  =  1,  2,  ...,  k 

k  being  the  number  of  lower  states,  the  albedo  for  the  transition 
and  X,  the  corresponding  absorption  coefficient.  It  was  also  shown  . 
that  the  H-functions  satisfy  the  relation 

Hi  ((*)  =  H,  ((tx,/x,)  =  H,  ((Ax,/xi)  =  ...  ...  (6) 

If  the  absorption  coefficient  for  the  strongest  transition  is  x^, 
all  the  functions  H(  (p')  for  0  ^  p'  ^  1  may  be  calculated  from  the 
function  H^  (p)  for  values  of  p  in  the  range  0  ^  p  ^  Xi/x<.  Since 
Xx  >  X(,  it  is  thus  necessary  to  consider  once  again  the  calculation 
of  an  H-funotion  for  arguments  greater  than  unity. 

Let  us  first  consider  an  approximate  solution^of  equation  (6) 
by  replacing  H^  (p')  under  the  integral  sign  by  Chandrasekhar’s 
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H-funotion  for  albedo  Z&,  denoted  by  H  (|i',  ££>,).  Dividing  by 
(|ji)  and  integrating,  we  obtain 

- ^ -  ...(7) 

H«  (fi)  ^  H  La,) 

p~l 

It  is  readily  seen  that  the  approximate  function  H(  (p.)  given  by 
equation  (7)  satisfies  the  fundamental  relation  (6).  The  calculation 
of  these  approximate  functions  will  require  the  further  calculation 
of  some  ordinary  H-functions  for  arguments  px^/xi  which  will  be 
greater  than  unity  for  terms  in  the  summation  in  equation  (7)  for 
which  p  >  Xi/xp.  These  may  be  calculated  in  the  manner  described 
in  Section  1. 

Busbridge  and  Stibbs  have  shown  that  the  complex  integral 
representation  of  the  solution  of  the  simultaneous  integral  equa¬ 
tions  (6)  can  be  transformed  into  the  following  reiil  integral 


H|(p)=exp 


'*[ 


I — "L&p  cot  6  cot"* 

X| 


(^•»)] 


cos*  6  -I-  p*  sin*  6 


d0  ...(8) 


In  the  special  case  when  it  —  1  and  there  is  only  one  term  in  the 
summation  under  the  "nl  sign,  equation  (8)  reduces  to  equa¬ 
tion  (4)  for  the  ordinary  a.  .  ion. 


2.2.  Cakuiation  of  diffuse  reflection.  —  The  intensity  of 
diffuse  reflection  follows  from  the  generalised  form  of  the  law  of 
diffuse  reflection  given  by  Stibbs  (*)  and  applied  by  Busbridge  uid 
Stibbs  (*)  to  the  problem  of  interlocked  lines.  The  emergent  inten¬ 
sity  in  the  p-direotion  is 

I,  (0,  p)  =  ^4  F&^ELt  (p)  (9) 

Zw  x,p  +  X{p, 

p-i 

where  p,  is  the  angle  of  incidence  of  the  insolating  radiation,  and 
icF  is  the  intrinsic  flux  in  the  monodirectional  incident  beam. 
It  follows  firom  equation  (9)  that  the  intensity  of  diffuse 
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refleotion  satisfieB  a  relation  similar  to  equation  (6)  for  the  H-funo- 
tions,  namely 

Ii  (O.fi)  =  If  {0,|ix,/x,)  =  I,  (0,(ix,/x,)  = . (10) 

In  this  case,  however  it  is  necessary  to  use  the  fiMst  that  the  ratio  of 
tile  albedo  for  transitions  with  a  common  upper  state  is  equal  to 
the  ratio  of  the  absorption  coefficients. 

2.3.  .4n  example  of  fluorescent  scattering.  —  Although 

fluorescent  scattering  in  the  Lyman-Birge-Hopfleld  bands  of  nitro¬ 
gen  is  a  more  interesting  example,  the  numerical  application  in  this 
paper  has  been  limited  to  the  case  of  fluorescent  scattering  in  a 
semi-inflnite  atmosphere  of  sodium  in  order  to  compare  the  exact 
H-fhnctions  and  intensities  of  diffuse  refleotion  with  the  approxi¬ 
mate  calculations  obtained  for  the  same  example  by  Sobouti  (*). 

The  case  considered  is  the  hyperfine  doublet  of  the  sodium 
line  which  arises  from  the  hyperfine  splitting  of  the  ground  state 
3«%^.  Neglecting  the  hyperfine  splitting  of  the  upper  state 
3p*P^,  the  coupled  transitions  give  rise  to  a  doublet  which  may 
be  conveniently  designated  as  the  o  and  h-components  of  the 
line.  For  these  transitions  we  have  £>•  =  5/8,  u»  =  3/8,  and 
x«/x*  =  6/3. 

Table  2  gives  the  exact  H-frmotions  and  the  intensities  of 
diffuse  refleotion  for  each  component  of  the  hyperfine  doublet  of 
sodium  calculated  from  equations  (8)  and  (9)  with  [i,  =  0.6  and 
F  =  1.  A  comparison  is  then  made  in  Table  3  between  these  exact 
H-frmctions  and  the  approximate  H-frmctions  given  by  equation  (7) 
as  well  as  a  comparison  between  the  exact  and  approximate  inten¬ 
sities  of  diffuse  reflection.  The  table  also  gives  the  corresponding 
results  calculated  from  a  formula  for  the  H-frmctions  derived  by 
Sobouti  by  replacing  the  frmctions  H|  (|x)  and  Hp  ((x')  in  the  right- 
hand  side  of  equation  (6)  by  Cihandrasekhar’s  H-frmction  H(|x,  Sup). 
This  multiple  substitution  is  not  only  unnecessary  but  it  destroys 
the  fundamental  relations  (0)  and  (10)  which  the  approximate 
H-functions  and  diffuse  intensities  would  satisfy  if  the  substitution 
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Tabid  n 


Exaet  H-funetion*  and  intenaities  of  lUffuM  reflection  for  the  hyperp^  doetblet 
eomponenta  of  the  Dx  line 


n) 

1||0,00,  [A) 

0 

1.000000 

1.000000 

0.648570 

|H:4-48570 

0.06 

1.115898 

1.178891 

0.572874 

P8-80527 

0.10 

1.208877 

1.322808 

0.683427 

III  ft.91A70 

0.15 

1.296029 

1.467081 

0.689866 

ir«'97®00 

0.20 

1.377330 

1.586139 

0.694109 

U1I9.99P78 

0.25 

1.467081 

1.711867 

0.596999 

IW  0  01559 

0.30 

1.534993 

1.836238 

0.599002 

|KI:002SU 

0.35 

1.611610 

1.956888 

0.600381 

Uli:04)2569 

0.40 

1.686926 

2.077206 

0.601321 

lio: 0.024:78 

0.45 

1.761450 

2.196466 

0.601938 

|,KI:04)2L88 

0.50 

1.835238 

2.314869 

0.602316 

iio  ooires 

0.55 

1.908407 

2.432667 

0.602607 

IJO  0  01250 

0.60 

1.981048 

2.549672 

0.602663 

IP000584 

0.66 

2.063233 

2.666275 

0.602512 

IIOCO^IOOSS 

0.70 

2.125023 

2.782447 

0.602382 

liltO  994:74 

0.76 

2.196466 

2.898248 

0.602189 

11)19988957 

0.80 

2.267600 

3.013724 

0.601947 

U)|9  98242 

0.85 

2.338461 

3.128914 

0.601667 

ire  97534 

0.90 

2.409078 

3.243863 

0.601358 

r 9  97539 

0.95 

2.479474 

3.358668 

0.601030 

U)»9964t56 

1.00 

2.549672 

3.473083 

0.600085 

U)t995589 

were  limited  to  H]>  (|x'). 

The  table  shows  the  extent 

ti  w  which 

Sobouti’s  resulta  depart  fix>m  the  exact  relationship  whM*B*a6  the 


results  firom  the  approximate  H-funotions  given  by  equtiotiom  (7) 
satisfy  the  relationship  exactly. 

The  complete  results  of  the  calculations  are  shown  i  ^  t 
which  is  self  explanatory.  Of  particular  interest  is  thefoi^onm  of 
the  exact  solution  for  the  uncoupled  case,  that  is  when  th^dhyi’^i'- 
fine  splitting  of  the  ground  state  is  n^lected.  The  solutiwiff  >n  the 
uncoupled  case  is  so  close  to  the  solution  when  the  couplingid  *  talken 
into  account  that  it  would  appear  unwise  to  use  rough  ipp(]»prozi- 
mations  to  the  H-funotions  for  problems  in  fluorescent  suMihterjng 
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containing  unit  intrinsic  flux  and  incident  upon  the  atmosphere  at  an  angle 
of  cos-*  0.6.  The  curves  show  exact  and  approximate  intensities  for  the  a 
and  6-componente  of  the  hyperflne  doublet  of  the  D,  line.  A  solution  for  the 
intensities  which  neglects  the  coupling  between  the  levels  is  indicated  by 
dots  in  the  figure. 
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sinoe  the  errora  thus  introduced  may  be  much  greater  than  those 
produced  by  neglecting  the  coupling  between  the  levels. 


Table  III 

Comparison  htbuttn  exact  and  approximate 
li-ftinetione  and  intensities  of  diffuse  reflection 


Function  1 

i  ■ 

H.(p) 

Hfc(ix) 

1.(0,  |x) 

lft(0,  (x) 

.  i 

0.25 

0.15 

0.26 

0.15 

Exact  ' 

1.4571 

1.4571 

0.6970 

Approx.  1 

1.4673 

1.4673 

Sobouti  1 

1.4028 

1.4302 

0.5831 

U  1 

0.50 

0.50 

0.30 

Exact  , 

1.8352 

1.8352 

Approx. 

1.8559 

1.8559 

0.6179 

Sobouti  ! 

1 

1.0282 

1.7575 

0.6281 

0.5726 

i 

** 

0.60 

0.36 

0.60 

0.36 

Exact 

1.9810 

1.9810 

0.6026 

0.6026 

Approx. 

2.0059 

2.0059 

0.6100 

0.6100 

Sobouti 

t 

2.1003 

1.8801 

0.6335 

0.6671 

0.75 

0.45 

0.76 

0.45 

Exact 

2.1065 

2.1965 

0.6022 

0.6022 

Approx. 

2.2277 

2.2277 

0.6196 

0.6196 

Sobouti  1 

2.3676 

2.0589 

0.6404 

0.5592 

1.0 

0.6 

1.0 

0.6 

Exact 

2.6497 

2.5497 

0.6007 

0.6007 

Approx. 

2.5017 

2.5017 

0.6195 

0.6106 

Sobouti 

2.7868 

2.3475 

0.6494 

0.6472 

Conclusion 

This  paper  has  been  concerned  mainly  with  the  accurate  calcu¬ 
lation  of  H-functions  for  the  greenhouse  effect  and  fluorescent 
scattering  in  planetary  atmospheres,  the  computational  features  in 
common  being  that  the  functions  are  required  for  arguments 
greater  than  unity,  and  that  the  IBM  7090  computer  programme 
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calculates  both  the  ordinary  H-functions  and  the  coupled  H-func- 
tions  not  from  the  integral  equations  of  the  problem  but  from  an 
equivalent  integral  form. 

Attention  has  been  paid  in  the  paper  to  the  accuracy  of 
approximate  solutions  for  the  H-functions  and  the  intensity  of 
diffuse  reflection.  It  is  of  some  importance  to  make  a  detailed  study 
of  the  errors  of  the  approximate  solutions  since  the  functions  which 
occur  in  the  problem  of  diffuse  reflection  by  fluorescent  scattering 
can  only  be  calculated  readily  and  accurately  in  the  case  of  semi¬ 
infinite  atmospheres.  For  a  finite  atmosphere,  it  does  not  appear 
possible  to  represent  the  solution  of  the  coupled  equations  as  a 
complex  integral,  and  it  is  consequently  necessary  to  revert  to  the 
method  of  solution  of  the  equations  by  iteration.  If  such  a  solution 
cannot  be  readily  achieved,  there  is  some  consolation  in  the  know¬ 
ledge  that  a  soluti  jn  which  neglects  the  coupling  altogether  could 
be  more  accuratt  tb  in  an  approximate  solution  of  the  coupled 
problem. 

Acknowledgment.  —  I  should  like  to  acknowledge  with  grati¬ 
tude  the  assistance  of  Mr  R.  E.  Weir  who  wrote  the  computer 
programme,  and  Dr  T.  R.  Carson  whose  comments  on  some  of  the 
numerical  analysis  aspects  of  the  problem  were  particularly  valuable. 

BEFEKENCES 

(‘)  I.  \V.  BrsBBiDOE  and  D.  W.  N.  Stibbs,  M.  N.,  114,  1,  1964 ;  Conun. 
Univ.  Obs.,  Oxford,  No.  42. 

(«)  R.  WiLDT,  A.  J.,  66,  298,  1961. 

(•)  D.  W.  N.  Stibbs  and  R.  E.  Weib,  M.  N.,  119,  612,  1969. 

(<)  J.  ChambbrIiAIN  and  Y.  Sobouti,  Ap.  J.,  135,  926,  1962. 

(»)  y.  SoBOun,  A.  J.,  135,  938,  1962. 

(*)  D.  W.  N.  Stibbs,  M.  N.,  113,  493,  1953  ;  Comm.  Univ.  Obs.,  Oxford, 
No.  40. 


179 


16.  —  NON-GREY  CONVECTIVE 
PLANETARY  ATMOSPHERES 


Aiaest  ARKING 
Ooddard  Space  Flight  Center 
Institute  for  Space  Studies 
New  York  27,  N.  Y.,  U.  S.  A. 

Intboduction 

The  recent  advances  in  infra-red  spectrophotometry  are  leading 
to  more  measurements,  with  greater  precision,  of  the  surface 
conditions  and  atmospheres  of  planets.  To  interpret  these  measure¬ 
ments  and  to  translate  them  into  unique  models  it  has  become 
necessary  to  develop  more  accurate  methods  for  treating  the 
problem  of  heat  transfer  in  planetary  atmospheres  and  for  better 
understanding  of  the  effects  of  common!}'  used  approximations. 
The  purpose  of  the  present  investigation  is  to  develop  some  highly 
simplified  models  of  planetary  atmospheres  in  which  the  radiative 
transfer  equations  are  solved  numerically  without  approximation. 
The  effect  of  the  atmosphere  having  only  finite  extent,  the  effect  of 
a  convection  zone,  and  the  effect  of  a  frequency  dependent  absorp¬ 
tion  coefficient  are  three  effects  whose  bearing  on  the  solution  to 
the  radiative  transfer  equations  we  wish  to  consider. 

Our  highly  simplified  model  is  a  plane  parallel  atmosphere 
with  cylindrical  symmetry  around  the  vertical.  A  distinction  is 
made  between  solar  radiation,  to  which  it  is  assumed  the  atmosphere 
is  completely  transparent  and  the  infra-red  radiation,  which  can  be 
emitted  and  absorbed  in  the  atmosphere.  The  surface  of  the  planet 
(i.  e.  the  groimd)  partially  absorbs  and  partially  reflects  the  solar 
radiation  ;  it  emits,  however,  only  in  the  infra-red  under  conditions 
of  local  thermodynamic  equilibrium.  The  conditions  of  local  ther¬ 
modynamic  equilibrium  are  assumed  to  hold  throughout  the  atmo¬ 
sphere. 

In  the  absence  of  internal  heat  sources  the  planet  will  be 
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in  over-all  equilibrium  so  that  the  solar  flux  absorbed  by  the  ground 
will  be  equal  to  the  infra-red  flux  radiated  from  the  planet,  which 
we  set  equal  to  oT^,  thus  defining  the  effective  temperature  T,. 

In  the  radiative  region  the  temperature  is  determined  by 
satisfying  the  equations  of  radiative  equilibrium,  whereas  in  the 
convective  region  the  temperature  is  determined  by  the  adiabatic 
temperature  gradient, 

The  infra-red  absorption  is  assumed  to  decrease  exponentially 
with  increasing  altitude.  In  units  of  reciprocal  length  the  absorption 
as  a  function  of  altitude  is  given  by 

X(2)  p(2)  =  Xo  Po 

where  2  is  the  height  above  the  ground  and  is  a  characteristic 
length  called  the  «  absorptive  scale  height ». 

For  some  arbitrary  reference  frequency,  the  optical  depth, 
-c,  is  defined  so  that  t  =  0  corresponds  to  the  position  of  the  ground, 
2  =  0 

T(r)  =  f  x(2)  p(2)  dz 
•'0 

=  To(l  — 

where  t,  =  XoPoH^^  is  the  total  optical  depth  of  the  atmosphere  at 
the  reference  frequency.  The  inverse  of  the  function  t(z)  is 

2W  =  Ha  In  ^ — 

To  — T 


The  Fixite  optical  Thickness 

First  we  consider  grey  models  without  convection.  The 
solution  is  obtained  by  the  same  iteration  method  used  in  the 
solution  of  the  Milne  problem  (i.  e.  the  infinite  atmosphere). 

The  results  show  that  when  the  total  optical  depth  of  the 
atmosphere  is  greater  than  3  or  4  the  temperature  profile  follows 
that  for  the  infinitely  thick  atmosphere  to  within  1  or  2  %  —  the 
greatest  deviation,  of  course,  occurring  at  the  ground.  For  optical 
depths  1  or  less,  the  deviations  can  be  greater  than  10  %. 
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Thb  grey  convective  Model 


To  add  a  convection  zone  to  the  grey  model,  the  atmosphere 
is  divided  into  two  regions. 

1.  Below  the  tropopause  (corresponding  to  optical  depth  Ze) 
the  atmosphere  is  in  convective  equilibrium  and  the  temperature  is 
determined  by  extrapolation  from  the  value  at  the  tropopause 
along  the  adiabatic  gradient.  Therefore,  in  the  convective  region 
(0  ^  T  ^  Ze) 

T(z)^T{Ze)-^[z(Ze)-z{z)]. 

2.  Above  the  tropopause  the  atmosphere  is  in  radiative 
equilibrium.  This  leads  to  the  following  integral  equation  that  the 
temperature  must  satisfy  in  the  radiative  region  (tc  <  t  <  Tq) 

T‘  (T)  =  1/2  T*  (0)  E,  (t)  +  1/2  P  T*  (0  E,  (|t  ~  1 1)  dt. 

•  0 

where  E„  {x)  is  the  exponential  integral 

,tr.  g~xt 

En(0  =  /  ^„dt 

•'1  X" 

The  value  of  Zt,  corresponding  to  the  tropopause  height,  is 
chosen  so  that  the  infira-red  flux  emanating  from  the  top  of  the 
atmosphere 

F  (t,)  =  2oT«(0)  E,  (To)  +  2o  f*  T*  (0  E,  (t,  —  t)  dt. 

■'0 

is  equal  to  the  solar  flux  absorbed  by  the  planet,  (tT^.  (If  Tc  is 
chosen  too  small  then  F  (t,)  <  cTj  ;  if  too  large,  then  F  (t#)  >  oTJ). 
This  method  (i)  of  choosing  Tc  is  equivalent  to  the  requirement  that 
the  radiative  flux  leaving  the  convective  r^on  match  the  constant 
flux  that  passes  through  the  radiative  region. 

The  solution  to  the  above  equations  is  obtained  numerically  by 
iteration  on  an  IBM  7090. 

A  model  atmosphere  based  upon  this  method  is  shown  in 
Figure  1.  With  the  intent  of  approximating  a  possible  situation  on 
Mars,  the  effective  temperature,  the  adiabatic  gradient,  and  the 
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0  5  10  15  20  25  30 

ALTITUDE  (km) 

Fig.  1.  —  A  grey  model  atmoephere  for  which  the  effective  temjwrature  T„ 
the  adiabatic  gradient  and  the  absorptive  scale  height  are  chosen  to 
approximate  possible  conditions  on  Mars.  Temperature  as  function  of  altitude 
is  given  by  the  solid  line  with  ordinate  scale  on  the  left.  The  radiative  flux 
is  given  by  the  dashed  line  with  ordinate  scale  on  the  right. 

absorptive  scale  height  were  chosen  as  shown.  There  are  only  two 
independent  parameters  that  specify  a  profile  ;  tq,  the  total  optical 
depth,  and  a,  the  negative  of  the  adiabatic  temperature  gradient  in 
units  of  the  effective  temperature  and  the  absorptive  scale  height  : 


The  choice  of  t,  =  0.6  was  made  to  obtain  a  ground  tempera¬ 
ture  of  2360K  in  agreement  with  the  average  of  observations. 
The  dependence  of  ground  temperature  on  t,  is  shown  in  Figure  2. 

The  radiative  flux  divided  by  the  total  flux  is  given  by  the 
dashed  curve  in  Figure  1.  It  is  seen  that  convection  never  carries 
more  than  13  %  of  the  total  flux  in  this  case. 

Whereas  the  treatment  of  the  problem  in  the  radiative  region 
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SURFACE  TEMPERATURE 
325 _ VS.  OPTICAL  THICKNESS 


TOTAL  OPTICAL  DEPTH 


Fig.  2.  —  Using  modsls  like  those  in  Figure  1,  the  ground  temperature  is 
shown  as  a  function  of  the  total  optical  depth  of  the  atmosphere.  The  arrow 
indicates  the  optical  depth  for  which  the  ground  temperature  agrees  with 
the  average  observed  temperature. 

is  absolutely  rigorous,  the  convective  region  is  treated  in  the  limit 
of  perfect  efficiency  for  convective  transfer.  Thus,  the  temperature 
gradient  is  never  greater  than  the  adiabatic  gradient  and  is  in  faet 
equal  to  it  throughout  the  convective  region. 

The  resulting  temperature  profile,  therefore,  is  somewhat  arti¬ 
ficial  in  the  vicinity  of  two  portions  of  the  atmosphere  : 

1.  At  the  tropopause  there  is  a  discontinuity  in  the  temperature 
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gradient.  If  one  took  into  account  the  penetration  of  convection 
into  the  stable  region  above  the  tropopause  then  there  would  be 
a  smooth  transition. 

2.  Near  the  ground  the  temperature  gradient  remains  adiabatic. 
One  would  expect  the  efficiency  of  convective  heat  transfer  to 
decrease  with  height  above  groimd  so  that  the  gradient  should  be 
super-adiabatic  very  close  to  the  ground. 

The  latter  effect  can  usually  be  neglected  in  planetary  atmos¬ 
pheres.  Using  a  mixing  length  theory  for  convection  one  can  show 
that  above  a  few  tens  of  meters  above  the  ground  the  gradient  is 
already  very  close  to  adiabatic  so  that  the  ground  temperature  will 
not  be  changed  by  more  than  a  few  degrees. 

The  situation  at  the  tropopause  is  a  little  more  complicated 
because  penetration  convection  is  not  well  understood.  However, 
if  the  optical  thickness  of  the  transition  region  At  <  1,  then  it  is  not 
necessary  to  know  the  temperature  accurately  in  this  region,  since 
the  flux  entering  the  radiative  region  comes  primarily  from  a  region 
extending  to  Arsa  1. 


The  non-grey  Model 

Molecular  absorption  is  characterized  by  deep  windows  and 
tall  bands  and  the  simplest  non-grey  case  to  consider  is  a  constant 
absorption  coefficient  with  one  window  in  it. 

The  optical  depth,  t,  refers  to  the  optical  depth  outside  the 
window  and  we  denote  the  ratio  of  the  absorption  coefficient  inside 
the  window  to  that  outside  by  w.  Thus,  at  any  optical  depth  t  the 
optical  depth  within  the  window  is  actually  wr. 

The  equation  for  the  temperatme  in  the  convective  region  is 
the  same  as  in  the  grey  case.  In  the  radiative  region  the  integral 
equation  is  now  written  in  terms  of  partial  integrals  of  the  Planck 
distribution, 

2Ac*  1  1 

Ba{T)-  — 
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If  the  wavelength  limits  of  the  window  are  Xx  and  X|  then  the 
relevant  partial  integrals  are  : 

inside  the  window 

B«(T)  =  f*BA(T(T))dX 

ordside  the  window 

BO  (t)  =  B»  (t). 

Given  T  one  can  compute  B**  and  B® ;  conversely  given  B*  or 
BO  one  can  readily  compute  T.  Thus,  the  determination  of  B''(t) 
or  Bo(t)  is  equivalent  to  the  determination  of  the  suiight  function 
T(t). 

The  equation  that  must  be  satisned  in  the  radiative  region 
(Te  <  T  <  T,)  is 

Bo  (t)  +  wB*  (t)  =  1/2  (0)  E,  (t)  +  Yz  wB"  (0)  E,  (m) 

+  */2  [BO  (0  E,  (|  T  -  <  j)  +  W*  B«  it)  Ex  («>  I  T  -  <  |)]  dt. 

and  the  value  of  xe  is  determined  as  in  the  grey  case,  by  requiring 
the  flux  at  the  top  of  the  atmosphere 

F  (To)  =  2BO  (0)  E,  (t)  +  2B-  (0)  E,  {vn)  +  2  f’  [Bo(t)  E,(to— 0  dt 

+  wB*  (0  E,  (w  I  To  — « J)]  dt 

=  oTI. 

The  solutions  are  obtained  numericaUy  by  iteration. 

The  window  was  set  between  7(i.  and  9(ji,  as  suggested  by  a 
rough  calculation  (*)  of  the  absorption  coefficient  for  an  atmosphere 
of  COj  and  water,  shown  in  Figure  3. 

The  effect  of  the  window  on  a  non-convective  atmosphere  with 
optical  depth  t,  =  30  and  effective  temperatiure  230oK  (corres¬ 
ponding  to  Venus)  is  shown  in  Figure  4,  where  the  temperature  at 
the  ground  is  plotted  as  a  function  of  w.  As  th<  -  relative  depth  of 
the  window  decreases  below  about  w  =  .3,  the  cooling  effect  on  the 
ground  becomes  very  large. 


186 


60 


SSfTOTAL  OPTICAL  THICKNESS  vs.  WAVELENGTH  j 


Q  I _ i _ L . L  1.  1 _ i _ : - 1_ . I - J - ! 

0  2  4  6  8  10  12  14  16  18  20  22 

WAVELENGTH  (microns) 


Fig.  3.  —  The  step  function  indicated  by  the  solid  line  gives  the  total  optical 
thickness  of  an  atmosphere  composed  of  CO,  and  water  as  a  function  of 
frequency  (adapted  from  a  table  in  reference  2).  The  dashed  line  —  which 
gives  the  average  optical  thickness  outside  the  window  plus  a  window,  as 
shown,  with  arbitrarj'  depth  —  was  the  basis  for  our  non-grey  calculations. 
The  dotted  curve  shows  the  Planck  distribution  for  T  =  250°K  in  relation 
to  the  chosen  window. 

It  is  clear  that  one  cannot  compensate  for  the  cooling  effect  of 
the  window  by  a  band  of  equal  size  in  another  portion  of  the  spec¬ 
trum.  In  other  words,  making  the  absorption  coefficient  dependent 
upon  frequency  without  changing  the  Planck  mean  will  still  have 
a  cooling  effect.  This  can  be  seen  in  Figure  5  where  w  was  allowed  to 
become  greater  than  one.  Raising  the  absorption  coefficient  some¬ 
where  in  the  spectrum  has  a  much  smaller  effect  than  lowering  it. 

In  comparing  the  curve  in  Figure  4  (for  To  =  30)  with  the  curve 
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in  Figure  6  (for  Tg  »  2)),  it  is  seen  that  the  non-grey  cooling  effect 
is  much  more  important  the  thicker  the  atmosphere. 


Fig.  4.  —  The  ground  temperature  aa  a  function  of  the  ratio  of  the  optical 
thickneas  inside  the  window  to  that  outeide  the  window  is  shown  for  a  non- 
convective  model  whose  effective  temperature  is  taken  from  observations 
of  Venus  and  for  which  a  large  optical  thickness  (t,  =  30)  is  chosen. 


This  method  for  treating  the  non-grey  atmosphere  is  exact  and 
quite  general.  By  inserting  any  number  of  windows  and  bands  with 
arbitrary  widths  and  heights  into  the  equation,  we  can  treat  the 
case  of  an  absorption  ooe£Soient  with  arbitrary  dependence  upon 
frequency. 
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Fig.  6.  —  Similar  to  Figure  4  except  that  T,  and  r,  are  chosen  to  approximate 
conditions  for  the  earth.  The  relative  optical  depth  was  permitted  to  go 
above  one,  making  the  «  window  •  an  «  absorption  band  ». 
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17.  ~  DIFFUSION  DANS  LES  ATMOSPHERES 

planEtaires 


Mabobl  NICOLET 

Centre  National  de  Rechercliee  de  VEepace, 
Bruxellet,  Bdgiqtte 


Si  on  consid^re  I’^quation  g^n^rale  de  la  diffusion  des  gaz  dans 
le  champ  de  la  pesanteur  d^tennin^e  par  Chapman  et  Cowling  (*), 
(1039,  1952),  on  peut  d^duire  une  expression  simple  du  transport 
par  diffusion  dans  ime  atmosphere  plan^taire  si  on  considere  que 
r^quation  de  la  statique  s’applique  : 

dp 

£  —  9p  m 


Dans  cette  Equation,  p  est  la  pression,  g  est  I’acc^ieration  de  la 
pesanteur  et  p  la  density  4  la  distance  r  du  centre  de  la  plan^te.  Si 
r^quation  des  gaz  parfaits  est  iitilis^e,  c’est-a-dire 

p  =  nkT  (2) 

nil  n  est  la  concentration,  T  est  la  temperature  absolue  et  k  la 
oonstante  de  Boltzmann,  on  decrit  en  toute  generality  (1), 


dp  dn 
p  n 


dT  dp  dT 

~T  "7  "'"t" 


dm 

m 


dz 

H 


(3) 


oil  H  est  la  hauteur  d’echello  definie  par 

H  =  kTjmg,  (4) 

m  etant  la  masse  moieculaire  moyenne. 

L’equation  de  Chapman  s’ecrit  pour  un  melange  de  deux  gaz 
sous  la  forme  suivante  : 


w. 


1  n*  3(n,/n)  mj  —  m,  1  dp  1  3T  i 
**  (  dr  m  pdr~^*’^Tdr) 


(6) 


oil  04.  est  la  facteur  de  diffusion  thermique  et  D^i  le  coefficient  de 


(*)  The  Mathematical  Theory  of  Non-Uniform  Gases,  Cambridge,  Univer¬ 
sity  Press,  1039,  1962,  1960. 
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diffusion.  Dans  cette  Equation,  le  flux  vertical  4  un  niveau  d’altitude 
z  se  traduit  par  le  bilan 

n,  u>j  -j-  n,  w,  =  0  (6) 

o’est-4-dire  que  les  molecules  consid4r4es  ont  des  flux  de  diffusion 
^gaux  et  opposes.  On  voit  que  la  vitesse  de  diffusion  des  particules 
de  masse  mi  et  de  concentration  est  donnee  par 

I  1  driilu  nt(mi  —  mi)  1  dp  n,  I  dT  ) 

L'4quation  (7)  indique  que  la  vitesse  de  diffusion  d’un  constituant 
de  concentration  et  de  masse  m,  depend  des  trois  gradients  de 
concentration,  de  pression  et  de  temperature. 


L’introduction  de  la  relation  (3)  dans  (7)  peut  s’effectuer  ais^- 
ment  si  on  considers  que  le  gradient  de  la  hauteur  d’^chelle  H 
donne  par 


P  =  dH/dz 

(8) 

conduit  aux  relations  generales 

1  an  l^p  — 2H/r 

n  ar  H 

(9a) 

1  ar  a  — 2H/r 

gt  —  =  -  -  - - 

T  ar  H 

(9b) 

L’utilisation  de  (3)  dans  (7)  exprime  le  fait  que  Ton  neglige  devant 
I’acceieration  de  la  pesanteur  les  accelerations  dues  4  la  diffusion. 
Ainsi,  requation  exprimant  la  vitesse  de  diffusion  s’ecrit 


w, 


_  i  1  drii  1  /  ZHN  /  WiM  }  ,  V 

-  1  ir.  V  +  ii  b  +  (^  -  t)  ^ )J  i 


En  oonsiderant  I’expression  (9a)  de  la  distribution  verticals  de 
la  concentration  totals,  on  peut  admettre  que  la  distribution  verti- 
oale  du  constituant  de  concentration  s’ecrit 


1  an,  _  X  / 
n,  az  H  \ 


1  +  P- 


t) 


(11) 


oil  X  est  considere  comme  le  facteur  de  la  distribution  verticals 
d’un  constituant  de  masse  m,  et  de  concentration  n,. 
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Ainsi,  on  a,  au  lieu  de  (10), 


(12) 


Cette  Equation  indique  quelle  est  la  nature  du  transport  vertical 
par  diffusion.  Dans  une  atmosphere  isotherme, 


(13) 


et  requation  (12)  se  r^duit  4 


De  plus,  si  les  constituauts  sont  en  melange  parfait, 

X  =  1  (16) 

et  (14)  devient 


Dans  ce  cas,  le  transport  par  diffusion  s’effectue  vers  le  haut  si  la 
masse  nji  <  »w  et  I’inverse  apparait  si  nij  >  m.  Lorsque  I’atmo- 
sphere  n’est  pas  isotherme, il  convient  de  consid^rer  I’effet  du  facteur 
de  diffusion  thermique  II  est  generalement  n^gligeable  pour  des 
constituants  dont  les  masses  ne  different  pas  beaucoup.  Mais,  pour 
un  element  14ger  diffusant  dans  un  gaz  lourd,  oi].  ~  —  0,4  et  n’est 
done  pas  n^gligeable  devant  I’unite,  surtout  lorsque  I’eiement  l^ger 
est  un  constituant  secondaire  (n,  ~  n). 

L’interet  de  I’equation  de  diffusion  dcrite  sous  la  forme  (12) 
r^ide  dans  le  fait  que,  dans  bien  des  cas,  U  est  certain  que  le 
facteur  de  distribution  verticale  est  trfes  different  de  I’unit^.  C’est  le 
cas,  par  exemple,  lorsque  la  dissociation  intervient  ou  lorsque  des 
reactions  chimiques  modi  Sent  la  distribution  verticale  de  consti¬ 
tuants  secondaires.  Afin  d’obtenir  des  valeurs  num^riques,  il  suffit 
d’introduire  dans  (12)  I’expression  du  coefficient  de  diffusion  D^g. 
Il  peut  s’^crire 
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oil  7c  est  la  section  effioaoe  de  collision  pour  des  spheres  61astiques 
rigides  de  diam^tre  et  a„  o’est4-dire 

1 

Cl*  =  2  (ci  +  c,)  (18) 


et  oil  /  est  un  facteur  de  correction  qui  tient  compte  du  fait  que  la 
section  efficace  peut  d^pendre  de  la  temperature.  Dans  ce  cas,  Di. 
n’est  pas  directement  proportionnel  &  T‘/*. 

En  introduisant  (17)  dans  I’expression  (12),  on  obtient  pour  le 
flux  de  particules  de  masse  F(mj)  : 

8  nafj  \  mj  vlmJcT/  n 

[(x-”i)  +  (s-“)(x-l-^”j)]  (19) 

Si  le  constituant  de  masse  mj  est  un  constituant  secondaire, 
c’est-4-dire  si  n*,  I’expression  (19)  devient 


+  mj  U-rj 


(20) 


En  vue  de  determiner  des  conditions  pratiques,  nous  adoptons 
une  section  efficace  moyenne  2,8  x  10”**  cm*  correspondant  4  un 
diametre  de  collision  Cj  =  c,  de  3A.  Ainsi,  la  section  efficace  de 
diffusion  n’est  pas  surestimee.  Introduisant,  en  outre,  les  masses 
physiques,  c’est-4-dire  M(0)  =  16,  le  flux  de  diffusion  est  donne  par 
F(Mi)  cm“*  sec”* 

On  voit  done  que,  dans  I’homosphere,  c’est-4-dire  dans  la  partie  de 
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rstmosph^  o6  1m  oonstituants  prinoipsux  sont  daiu  1m  mteiM 
proportions,  on  a 


F(Mi)  =  1,823  X  10“  (7o 


1 

t 


Cette  expression  montre  que  le  flux  de  difiiision  dans  rhomosphdre 
ne  varie  pas  beaucoup  en  fonotion  de  Taltitude,  oar  il  depend  essen- 
tiellement  da  rapport  (fo/r)*  et  de  la  variation  de  En  simpli- 
fiant,  on  adopte  une  altitude  de  I’ordre  de  100  km  oorrespondant  & 
(r/f,)  =  0,985,  une  temperature  de  200®K  et  un  faible  gradient. 
Ainsi,  on  a,  dans  le  cas  de  I’atmosphere  terrestre. 


/  /  MA 


Pour  1m  diversee  plan^tM,  I’expreMion  (22)  Mt  applicable  si  le 
facteur  numerique  Mt  multipM  par  les  valeurs  cuivantM  : 

Mercure  Venus  Mars  Jupiter  Lune  Titan 

0,36  0,858  0,40  2,64  0,165  0,176 


Si  on  adopte  comme  constituant  principal  I’azote  moieculaire 
M  =  28,  on  approche  tr^s  souvent  dM  conditions  reeUM.  On  obtient 
ainsi,  k  partir  de  (22),  1m  flux  de  diffusion  suivants  ; 

Hydrogene  :  F(H)  =3,4  x  10“  [n(H)/»,]  cm-*  sec"‘  (23) 

Deuterium  :  F(D)  =  2,3  x  10“  [n(D)/nJ  cm-*  see-*  (24) 

Heiium-3  :  F(He*)  =  1,9  x  10“  [n(He*)/nJ  cm-*  sec-*  (26) 

Heiium-4  :  F(He«)  =  1,6  x  10“  [n(He«)/nJ  cm-*  sec-*  (26) 

Oxygene-16  :  F(0)  =  4,6  x  10“  [n(0)/nj  cm-*  sec-*  (27) 

Oxygene-32  :  F(0,)  =  —  7,6  x  10**  [»(0,)/nJ  cm-*  sec-*  (28) 

La  conclusion  Mt  que  dans  Tatmorphere  terrestre,  I’ordre  de 
grandeur  du  flux  de  diffusion  Mt  donne  par 

F  S'  10**(»i/n,)  cm-*  sec"*  (29) 

On  doit  neanmoins  se  rendre  compte  qu’U  ne  faut  qu’un  leger  chan- 
gement  dM  conditions  physiques  pour  modifier  le  sens  du  flux  de 
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diffiuion.  Prenons  oomme  exemple  la  moltoule  d’oxygtsne.  La  for- 
mule  (21b)  oonduit  4 

F(0,)  =  8,8  X  10»  [(X  —  1,14)  +  P(X  —  1)]  (80) 

•i 

Le  transport  a  lieu  vers  les  hautes  altitudes  si  le  terme  entare  oroohets 
est  positif,  o’est-4-dire  si 

X  >  1  +  0,14  (31) 

1  +  p 

ou  aveo  un  gradient  p  =  0,2, 

H  >  1,12  H(0,)  (32) 

Done,  il  sufBt  que  la  hauteur  d’4ohelle  de  I’oxyg^ne  mol4oulaire 
derienne  inf4rieure  4  1,12  fois  oelle  de  Tatmosph^re  pour  que  la 
di£Fusion  provoque  un  transport  vers  le  haut.  En  particulier,  si  on 
admettait  un  4quilibre  photochimique  on  aurait : 

F(0,)  =  2  X  10«  n(0,)/n,  cm**  8ec-»  (33) 

o’e8t-4-dire  un  flux  qui  compense  ais^ment  la  photodissociation. 
En  d’autree  tenues,  il  existe  un  flux  vertical  de  molecules  qui  peut 
compenser  les  molecules  photodissoci^es  dans  le  champ  du  rayonne- 
ment  dn  soleil. 

D’autre  part,  si  on  considers  un  constituent  apparaissant  dans 
rh4t4rosph4re  comme  r^sultat  d’une  dissociation,  un  maximum  de 
concentration  apparatt.  Au  niveau  de  ce  maximum,  il  existe  tou- 
jours  un  transport  vere  le  has  dont  le  flux  s’obtient  4  partir  de  (20) 
oh  X  =  0.  En  particulier,  pour  I’oxyghne  atomique  dans  I’azote, 
on  trouve  ; 

F(0)  =  —  6  X  10^*  n(0)/n,  om“*  sec"^  (84) 

c’eet-h-dire  encore  une  fois  un  flux  trhs  important  qui  doit  influencer 
lee  conditions  photochimiques.  Ceci  est  d’autant  plus  important 
qu’il  s’agit  d’un  transport  vers  le  has  que  ne  contrecarre  pas  le 
brassage  de  Fair  dO  4  la  turbulence  ou  4  tout  autre  mouvement 
atmosph^rique. 

Ces  examples  montrent  combien  l’4tude  de  la  structure  des 
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atmospheres  saperieures  planetaires  ne  peut  se  determiner  dans  le 
cadre  eiementaire  des  equilibtes  de  photodissooiation  ou  de  photo¬ 
ionisation.  Le  transport  par  diffusion  modifie  requilibre  de  disso¬ 
ciation  par  suite  du  transport  vers  le  haut  des  molecules.  II  faudrait 
que  les  processus  de  dissociation  soient  extremement  rapides  pour 
que  le  processus  de  diffusion  ne  domine  pas.  Dans  le  cas  de  la 
distribution  das  atomes,  U  s’agit  de  comparer  les  temps  de  recom- 
binaison  et  de  diffusion.  Lorsque  la  recombinaison  est  due  4  une 
collision  triple,  le  maximum  de  concentration  sera  toujours  deplace 
vers  le  bas  par  rapport  aux  conditions  d’eqtiilibre  et  il  y  aura  im 
transport  vers  le  bas  des  atomes  produits  par  dissociation  ou 
ionisation.  Des  reactions  rapides  sont  n6oessaires  pour  6viter  un  tel 
processus. 

En  bref,  on  ne  peut  fixer  les  conditions  physiques  des  atmo¬ 
spheres  planetaires  en  consid^rant  uniquement  les  processus  photo- 
chimiques.  11  faut  tenir  compte  de  I’effet  de  diffusion  dans  le  champ 
de  la  pesanteur.  Cet  effet,  4  partir  des  conditions  photochimiques, 
se  traduit  par  des  transports  des  atomes  ou  des  molecules  dans  le 
sens  oppose  au  transport  resultant  dn  passage  du  melange  parfait 
4  requilibre  de  diffusion. 
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18.  —  MICROWAVE  SPECTRAL  LINES  AS  PROBES 
OP  PLANETARY  ATMOSPHERES 

Alan  H.  BABRETT 
Btteareh  Laboratory  of  Eleetronies 
MaosachutetU  Inttituie  of  Technology 
Cambridge,  Maetaehusetta,  U.  S,  A. 

1.  Intboduction 

It  has  been  seven  years  since  radio  emission  was  detected 
from  Jupiter,  and  during  this  time  radio  emission  from  Mercury, 
Venus,  Mars,  and  Saturn  has  also  been  detected.  For  the  planets 
Mercury,  Mars  and  Saturn,  the  detection  has  been  limited  to  single 
observations  at  wavelengths  between  3-4  cm,  hence  no  information 
is  available  about  their  radio  spectra,  but  the  intensity  of  the 
received  radiation  is  in  good  agreement,  within  the  observational 
uncertainties,  with  that  to  be  expected  by  thermal  emission  from 
the  planetary  surfaces  and  /or  atmospheres.  However,  the  intensity 
of  the  emission  from  Venus  and  Jupiter  was  wholly  unexpected 
and  has  stimulated  considerable  research,  both  theoretical  and 
experimental,  on  these  planets  and  their  environment.  Needless  to 
say,  the  possibility  of  obtaining  data  on  the  planets  from  close 
range  by  means  of  space  probes  has  also  served  to  heighten  the 
interest  in  planetary  phenomena. 

Because  of  extensive  cloud  cover  on  Venus  and  Jupiter,  their 
surfaces  have  eluded  direct  study  by  ground-based  observations  at 
all  wavelengths  shorter  than  the  radio  wavelengths.  The  great 
value  of  the  radio  observations  is  that  they  afford  a  means  of 
studying  the  physical  conditions  below  the  cloud  layers  and,  at  the 
moment,  this  appears  to  be  the  only  method  by  which  this  can  be 
aooomplished  from  ground-based  observations,  with  perhaps  a  few 
isolated  ez'jeptions.  However,  it  should  not  be  construed  a  priori 
thst  the  clouds  have  a  n^ligible  effect  at  all  radio  wavelengths  and 
hence  can  be  dropped  firom  further  consideration  of  the  radio  data. 
It  is  equally  dangerous  to  assume  that  the  radio  observations  auto- 
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matioally  refer  to  the  surface  and  lower  atmosphere  of  the  planet. 
In  fact,  a  strong  case  can  be  built  for  explaining  the  bulk  of  the 
microwave  radiation  firom  Jupiter  as  originating  in  an  intense 
radiation  belt  surrounding  the  planet  at  distances  of  several  plane¬ 
tary  radii.  Also,  a  dense  ionosphere  about  a  planet  could  render 
the  stuface  totally  unobservable  by  radio  methods,  although  the 
requirements  imposed  upon  the  ionosphere  appear  to  be  quite 
severe. 

The  hindrances  imposed  by  either  a  planetary  radiation  belt 
or  a  dense  ionosphere  can  be  circumvented,  at  least  partially,  by 
radio  observations  made  at  short  centimeter  and  millimeter  wave¬ 
lengths.  The  clouds,  however,  will  play  a  larger  role  at  these  wave¬ 
lengths  than  at  longer  wavelengths  in  determining  the  radio  spectra. 
Another  factor  also  becomes  important  at  the  short  centimeter 
and  millimeter  wavelengths.  The  spectral  lines  of  molecules  resulting 
from  their  rotational  or  fine-structure  energy  are  predominantly 
found  at  wavelengths  shorter  than  3  cm  and  these  can  be  expected 
to  be  vitally  important  in  defining  the  planetary  microwave  spectra. 
This  fact  alone  opens  up  the  possibility  of  detecting  molecular 
species  in  planetary  atmospheres  which  might  be  undetectable,  at 
present,  by  other  methods.  For  example,  molecular  constituents 
whose  electronic  or  vibrational  spectra  lie  in  a  region  of  the  spectrum 
obscured  by  the  terrestrial  atmosphere  might  be  detected  by  their 
microwave  spectra,  or  a  constituent  distributed  predominantly  in 
the  lower  atmosphere  of  the  planet  could  produce  a  detectable 
resonance  in  the  radio  region  and  have  escaped  detection  by  other 
techniques.  In  any  event,  as  radio  observations  are  extended  into 
the  millimeter  spectrum  it  will  become  increasingly  important  to 
know  the  microwave  properties  that  can  be  expected  of  the  mole¬ 
cular  species  to  guide  the  interpretation  of  the  millimeter  data. 

II.  MiOBOWAVS  SfXCTRA  07  PlAKBTABT  CONSTITCINTS 

Several  authors  have  discussed  the  possibilities  of  detecting 
atomic  and  molecular  spectral  lines  of  astrophysioal  interest  by 
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radio  techniques,  but  ouch  duousaiona  hsv'e  usually  been  oonoemed 
with  detection  possibilities  in  the  interstellar  medium  and  thus 
are  not  entirely  appropriate  for  the  present  discussion  (^'^).  In 
this  section  the  subject  will  be  re-examined  firom  the  point  of  view 
of  planetary  atmospheres  and  this  will  require  a  consideration  of 
many  more  molecular  species,  generally  of  a  more  complex  nature, 
than  would  be  expected  in  the  interstellar  medium. 

Needless  to  say,  the  first  question  to  be  considered  is  :  What 
atoms  and  molecules  are  known  to  exist,  or  might  be  expected  to 
exist,  in  the  atmospheres  of  the  planets  ?  The  answer  to  this  question 
must  be  supplied,  at  least  partially,  by  the  observations  of  plane¬ 
tary  spectra  which  have  been  made.  The  atoms  and  molecules 
that  have  been  identified  in  the  atmospheres  of  Venus,  Mars,  and 
Jupiter  are  given  in  Table  I-a.  The  constituents  of  the  Earth’s 
atmosphere  are  also  listed,  in  order  of  decreasing  abundance.  Also 
presented  in  this  table  in  parentheses  are  those  molecules  that  are 
present  in  the  terrestrial  atmosphere  and  might  be  expected  to 
occur  in  the  atmospheres  of  the  planets  indicated.  (Only  Venus, 
Mars,  and  Jupiter  will  be  considered,  as  they  are  sufficiently 
representative.)  I  able  I-a  clearly  illustrates  the  contrast  between 

Tabus  la 


Moltcular  conttitvenU  of  planetary  atmoapheree 


Planet 

i  Mohculee 

1 

Venus 

'  CO,.  H.O  ( T),  (N„  N.O,  NO,.  CO, 

A,  0*)- 

Earth 

N„  0,.  H,0,  A,  CO„  Ne,  He,  CH,, 
Kr,  N,0.  H,.  0„  CO,  SO,.  OH. 

Hare 

CO|  Af  Oil  Off  HgOf  CX)f  I'fgOf 

i  NO„  CH4). 

( 

Jupiter 

'  H„  CH,.  NH,  (He.  Ne.  A,  H,0). 
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the  number  of  identified  atoms  and  molecules  in  the  Earth’s 
atmosphere  as  compared  with  the  neighboring  planets.  It  is  to  be 
expected  that  many  of  the  suspected  molecules  actually  do  exist  in 
the  atmospheres  of  the  other  planets,  but  their  abundance  is  such 
that  they  have  escaped  detection  by  present  spectroscopic  tech¬ 
niques. 

Our  present  knowledge  of  planetary  atmospheres  is  such  that 
a  list  of  possible  moleciilar  constituents  should  include  more  than 
just  those  found  in  the  terrestrial  atmosphere.  Therefore,  in  addition 
to  considering  the  microwave  properties  of  all  of  the  molecules  in 
Table  I-a,  the  molecules  listed  in  Table  I-b  will  also  be  considered. 
Note  that  the  bulk  of  the  molecules  in  Table  I-b  are  organic  com¬ 
pounds  involving  the  astrophysically  abimdant  atoms  H,  C,  N,  and 
O.  Molecules  containing  six  or  more  atoms  are  excluded.  The 
organic  compounds  may  prove  to  be  very  important  in  planetary 
physiol,  particularly  with  reference  to  Venus. 

Tablx  Ib 

Othvr  poMible  molecular  conelituente 


CH,0 

C.H, 

HCNO 

CH,0, 

C,H,0 

H.O. 

CNSH 

C.N. 

H,S 

CS 

C.H^ 

NO 

CS, 

HCN 

OCS 

Having  selected  a  fairly  large  and  representative  group  of 
molecules,  the  next  question  to  ask  is  :  What  are  the  microwave 
properties,  if  any,  of  these  molecules?  The  answer  to  this  question 
is  unfortunate.  Many  of  the  most  abundant  molecules  in  the  plane¬ 
tary  atmospheres  do  not  have  any  microwave  resonance  spectra. 
This  is  a  consequence  of  the  fact  that  practically  all  symmetric 
molecules,  of  which  the  homonuclear  molecules  are  an  obvious 
example,  do  not  have  any  permanent  dipole  moment  and,  therefore, 
do  not  exhibit  any  microwave  resonance  lines.  Thus  H„  Nf,  COj, 
and  CH4,  for  example,  are  unobservable  by  microwave  techniques. 
The  molecule  0,  is  a  familiar  exception  to  this  group  because  it  has 
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a  permanent  magnetic  dipole  moment,  even  though  ite  electric 
dipole  moment  is  zero.  In  Table  II  the  molecules  of  Table  I  are 
separated  into  those  having  no  microwave  spectra,  and  those  that 
do,  and  it  is  this  latter  group  that  will  be  considered. 

Table  II 

Mierotvave  properties  of  atomie  and  tnoUctdar  constituents 


I 

I 

Lacking  microioavt  ,  Having  micfrvuavt 
rtcanance  Bptcira  |  rtaonanct  apectra 


A 

CH,0 

H,S 

CH, 

CH,0, 

NH, 

CO, 

CO 

NO 

CS, 

CS 

NO, 

C.H. 

,  C.H.0 

N,0 

C.N, 

C,HN 

OCS 

H, 

HCN 

OH 

He 

1  HNCO 

0. 

Kr 

HNCS 

o, 

N, 

H,0 

SO, 

Ne 

H,0. 

The  molecules  in  Table  II  are  relatively  simple  molecules  and, 
for  the  most  part,  were  among  the  first  to  be  studied  by  the  tech¬ 
niques  of  microwave  spectroscopy.  Therefore  a  large  body  of  data 
has  been  accumulated  from  which  we  can  evaluate  their  microwave 
properties  under  circumstances  that  are  of  interest  to  us  (*).  Of 
particular  importance  is  the  fact  that  measured  frequencies  of 
most  of  the  principal  transitions  have  been  published  or  may  be 
accmately  calculated  from  the  molecular  parameters  evaluated 
from  measurements  at  other  frequencies.  A  compilation  of  these 
frequencies  is  given  in  Appendix  I  for  those  molecules  listed  in 
Table  II  that  have  resonance  spectra.  Included  also  are  the  available 
quantum  numbers  of  the  transitions.  Very  often  calculated  inten¬ 
sities  are  published  but  these  usually  refer  to  a  temperature  of 
300<’K,  low  pressure,  and  no  foreign  gas  broadening.  Under  these 
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oirouQMtanoes  the  calculated  intensities  can  be  more  misleading 
than  helpful  for  considerations  of  planetary  atmospheres  and  have 
been  omitted. 

We  have  dropped  from  consideration  those  molecules  that  have 
no  permanent  dipole  moment.  However,  it  should  not  be  assumed 
that  these  molecules  have  no  effect  upon  microwave  propagation 
under  all  circumstances.  During  a  molecular  collision  a  molecule 
may  have  an  induced  dipole  moment  that  gives  rise  to  nonresonant 
interaction  with  microwave  radiation.  In  situations  of  high  pressure, 
the  effect  of  the  induced  dipole  may  be  appreciable  because  the 
molecule  will  spend  a  larger  fraction  of  its  time  in  collision.  This 
process  has  been  used  to  explain  the  high-pressure  nonresonant 
absorption  exhibited  by  CO„  N,,  C,H4,  for  example  (••  ‘®).  In 
fact,  the  collision-induced  dipole  absorption  by  COg  formed  the 
basis  of  the  interpretation  of  the  Venus  radio  observations  that 
indicated  that  the  surface  pressure  of  Venus  might  be  very  much 
higher  than  was  previously  supposed  (**).  For  future  interpretations 
of  the  Jupiter  radio  observations,  it  should  be  noted  that  the 
collision-induced  dipole  effect  is  very  small  for  both  H,  and  CH4 
for  pressures  up  to  100  atm.  ('*). 

III.  DbPBNDSNCB  of  BUCROWAVB  PBOPBBTIBS  ON 
Planetary  Environment 

The  basic  parameters  of  any  spectral  line  are  its  frequency, 
intensity,  and  line  shape,  but  all  of  these  quantities  are  dependent 
upon  the  particular  circumstances  of  observation.  In  this  section 
we  shall  show  how  the  parameters  are  influenced,  or  altered,  by 
the  conditions  within  the  planetary  atmosphere,  as  this  will  be 
important  in  dictating  equipment  design,  planning  an  observing 
program,  or  interpreting  the  observations. 

The  resonance  frequency  of  a  transition  is  defined  by  the 
spacing  of  the  energy  levels  within  the  molecule  and,  under  many 
circumstances,  may  be  considered  to  be  independent  of  external 
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intersotions  on  the  molecule.  However,  if  a  molecule  does  experience 
external  interactions  such  as  collisions,  the  resonant  frequency  will 
be  shifted  when  the  average  energy  of  interaction  is  comparable  with 
the  energy  separation  of  the  levels.  This  effect  is  important  for 
molecules  in  high-pressure  environments,  and  may  be  very  impor¬ 
tant  for  considerations  involving  Venus  and  Jupiter  microwave 
spectra.  Unfortunately,  very  little  experimental  data  are  available 
about  this  effect  for  polar  molecules,  although  XH,  has  been 
thoroughly  studied  (^**‘*).  It  has  been  found  that  for  pressures  of 
1  atm  of  pure  XH,  the  observed  absorption  at  wavelengths  of 
approximately  1  cm  can  be  explained  only  by  assuming  that  the 
resonance  frequency  has  a  value  less  thau  its  low-pressure  value, 
and  for  pressures  of  2  atm,  or  higher,  one  must  take  the  resonance 
frequency  to  be  zero.  This  result  is  in  agreement  with  theoretical 
predictions  (“•  ••).  Data  on  high-pressure  effects  for  other  polar 
molecules  appear  to  be  limited  to  a  study  of  XO,  carried  out  at 
frequencies  of  9  KMc/s  and  23KMc/s  over  a  range  of  pressures  of 
3-27  atm  (i’).  It  has  been  found  that  XO,  which  has  a  small  dipole 
moment,  showed  no  irregular  high-pressure  effects  until  approxi¬ 
mately  15  atm,  and  rather  slight  effects  above  this  value.  High- 
pressure  effects  have  also  been  studied  experimentally  and  theoreti¬ 
cally  for  O,  (**•  *•).  For  pressures  greater  than  20  atm,  the  observed 
results  can  only  be  fitted  to  the  usual  line  shape  theories  if  one 
assumes  that  the  resonance  frequencies  decrease  rapidly  to  zero 
when  the  pressure  exceeds  20  atm. 

We  expect  that  all  molecules  will  exhibit  a  shift  of  their  reso¬ 
nance  frequencies  under  conditions  of  high  pressure,  for  in  the 
limit  of  very  high  pressures  the  resonance  absorption,  which  is 
typical  of  the  gaseous  state,  must  approach  the  nonresonance 
absorption  characteristio  of  a  liquid.  Quantitatively,  the  firequency- 
dependent  portion  of  the  absorption  coefficient  a  for  a  single  line 
of  frequency  v,  is  given  by  (••  ••) 

Av  Av 

(v  —  V,,)*  Av*  (v  -|-  Vo)*  -f-  Av* 
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where  Av  is  the  hslfwidth  of  the  line.  When  v,  becomes  zero  this 
expression  gives 


2 


a 


Av  1  + 


(2) 


which  is  the  form  of  the  familiar  Debye  absorption  for  liquids.  The 
question  of  when  the  pressure  shift  of  v,  sets  in  is  dependent  upon 
the  dipole  moments  of  the  molecules  in  collision  and  the  force  law 
acting  between  them.  For  example,  a  molecule  with  a  large  dipole 
moment  will  have  a  large  effective  collision  diameter  ;  hence  it  Mill 
require  fewer  collisions  per  unit  time  to  shift  its  frequency  than  a 
molecule  with  a  very  small  dipole  moment.  Therefore,  not  only 
must  each  case  be  treated  separately,  but  it  must  be  treated  with 
particular  reference  to  the  molecular  envii  onment.  In  general,  the 
transition  to  zero  frequency  appears  to  be  important  when  (Av)p 
is  of  the  same  order  as  v^,  where  Av  is  the  halfwidth  at  low  pres¬ 
sures  (**). 

The  question  of  linewidth  of  a  spectral  line  is  closely  associated 
with  the  frequency  shift  because  both  result  from  external  inter- 
arrtions  of  identical  nature.  For  planetary  atmospheres,  the  mecha¬ 
nism  dominating  the  linewidth  will  be  pressure  broadening,  with 
the  possible  exception  of  the  extreme  upper  atmosphere  in  which 
Doppler  broadening  may  become  comparable  with  pressure 
broadening.  Microwave  spectroscopic  measmrements  of  linewidths 
are  usually  made  at  low  pressures,  less  than  1  mm  Hg,  and  the 
extrapolation  of  these  measurements  to  pressures  of  1  atm  or 
greater  must  be  considered  hazardous.  At  pressures  for  which 
multiple  collisions  become  important,  the  linewidth  predicted  on 
the  basis  of  low-pressure  results  will  give  an  erroneous  value. 
Again,  when  this  becomes  important  depends  on  the  dipole  moments 
of  the  colliding  molecules  and  the  force  law.  Another  complication 
is  that  linewidths  are  usually  determined  for  broadening  by  colli¬ 
sions  of  one  molecule  with  another  of  the  same  species,  that  is,  self¬ 
broadening,  but  in  planetary  atmospheres  the  broadening  moU  be 
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by  collisions  with  several  t3^pes  of  molecules,  each  with  its  own 
interaction  potential.  Formally,  the  resultant  linewidth  may  be 
computed  from  the  expression  (*) 

Av,  ==2  (3) 

where  Xi  is  the  fractional  abundance  of  molecule  i,  and  Avif  is 
the  linewidth  of  the  absorption  line  of  molecule  1  if  it  were  broa¬ 
dened  only  by  molecule  i.  Unfortunately,  experimental  data  on 
foreign  gas  broadening  are  meager,  although  the  relative  impor¬ 
tance  of  some  species  can  be  judged  by  their  effect  in  broadening 
the  NH,  resonances  (*).  As  might  be  expected,  molecules  with 
large  dipole  moments  produce  the  largest  pressure  broadening. 
Even  fewer  data  are  available  for  application  to  high-pressure 
situations  (**). 

Although  the  linewidth  is  an  important  parameter  of  spectral 
lines,  the  question  of  the  over-all  line  shape  is  equally  vital  when  we 
consider  observations  throughout  an  entire  atmosphere  of  a  planet. 
Because  the  path  of  observation  is  through  a  medium  of  continually 
changing  temperature,  pressure,  and,  perhaps,  molecular  oompo- 
sition,  the  resultant  line  shape  will  be  drasticsdly  altered  from  that 
obtained  in  laboratory  spectroscony.  The  width  of  the  overall 
line  will  dictate  the  required  frequency  resolution  of  the  observing 
equipment  and,  furthermore,  will  be  a  contributing  factor  in  the 
resultant  intensity  of  the  line.  In  addition,  the  intensity  of  the  line 
will  depend  directly  upon  the  vertical  distribution  of  the  molecular 
species  and  the  temperature  profile  of  the  atmosphere.  Both  the 
intensity  and  shape  of  the  line  may  be  computed  from  the  equa¬ 
tions  (•*) 

Tb  =  Tb  e-^»  +  P  T  e-Mr,  (4) 

•'o 

T  =  f  a  dx',  (6) 

where  Tg  is  the  effective  radiation  temperature  of  the  surface,  T 
is  the  temperature  of  the  atmosphere,  is  the  brightness  tempera- 
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ture  of  the  emergent  ray  in  the  direction  in  which  x  is  measured, 
and  is  the  optical  depth  integrated  from  the  surface  throughout 
the  atmosphere.  In  writing  these  equations,  the  usual  Rayleigh- 
Jeans  approximation  to  the  Planck  radiation  law  is  assumed, 
hence  intensity  can  be  expressed  as  a  temperature.  The  general 
expression  for  the  absorption  ooeffioient  a  has  been  given  by  Van 
Vleck  and  Weisskopf  (**) 


2  2 1  I* 

Alyls'*  (  f 


3ciT 


V  r  "1 

^  rvy  L(V -  Vy)*  -f-  Av*  (V  -T  +  Av*J’ 


(6) 

(7) 


SAMPLE  WATER  VAPOR 
DISTRIBUTIONS  WITH  ALTITUDE 
TOTAL  HgO*  2gm/cm2  in  bqTH 
CASES 


constant  mixing 

RATIO 


10  15  20 

ALTITUDE  (KM) 


—  Sample  vwtioal  distributions  of  HgO. 
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where  N  ia  the  number  density  of  molecules  of  a  particular  species, 
are  the  resonance  frequencies,  E/  is  the  energy  of  level  j,  and 
yHf  is  the  dipole  matrix  element  between  levels  »  and  j.  The 
freqaen(7  dependence  of  the  line  is  largely  contained  in  the  «  shape 
factor  »/  (v,  vtf),  therefore  the  line  shape  will  be  dictated  by  Eqs.  (3) 
and  (7),  the  vertical  distribution  of  the  molecular  species,  and  the 
total  pressure,  since  the  total  pressure  will  determine  the  linewidth 
Av. 


Fig.  2.  —  H|0  line  shape  as  seen  from  the  surface  of  the  Earth  oon^mted 
using  the  distributions  of  Fig.  1. 

As  an  iUustration  of  how  the  line  shape  and  intensity  are 
influenced  by  the  vertical  distribution  of  the  molecules  the  reso¬ 
nance  proflles  of  a  single  isolated  line  have  been  computed  for  the 
hypothetical  distributions  shown  in  Fig.  1.  The  resultant  line 
proflles  are  shown  in  Fig.  2.  These  figures  are  applicable  to  the  HjO 
line  in  the  terrestrial  atmosphere,  as  viewed  from  the  Earth’s 
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surface,  but  they  illustrate  how  important  the  effect  of  the  vertical 
distribution  is  in  determining  the  line  profile  (**).  The  total  H,0  is 
the  same  in  the  two  oases,  so  the  difference  in  the  profiles  results 
entirely  from  the  manner  in  which  the  H,0  is  distributed  in  height. 
The  increased  intensity  and  narrow  profile  of  the  constant  mixing 
ratio  case  is  due  solely  to  the  fact  that  more  HgO  is  distributed  at 
higher  altitudes  where  line  broadening  is  less  because  of  the  reduced 
pressure.  Figure  2  was  computed  from  the  equations 

Tg  =  f  Te"''dT,  T=  f  adx',  (8) 

■'0  '0 

which  are  appropriate  for  observations  made  from  the  surface  of 
a  planet.  These  equations  are  analogous  to  Eqs.  (4)  and  (5)  which 
apply  to  observations  made  from  outside  a  planetary  atmosphere. 
Figure  2  demonstrates  that  microwave  observations,  taken  in 
sufiicient  detail  to  define  the  line  shape,  can  be  used  to  give  infor¬ 
mation  about  the  vertical  distribution  of  planetary  atmospheric 
molecules.  However,  it  should  be  mentioned  that  a  unique  deter¬ 
mination  of  the  molecular  distribution  would  be  dependent  upon 
a  knowledge  of  the  temperature  and  pressiue  distribution  through¬ 
out  the  atmosphere.  The  microwave  observations  could  also  be 
used  to  monitor  the  resonance  frequency  and  give  information 
concerning  temporal  variations  in  the  abundance  and/or  the  distri¬ 
bution. 

Observations  made  from  a  planetary  surface  require  a  means 
of  placing  and  orienting  the  equipment  on  the  surface  of  the 
planet.  Of  more  immediate  interest,  perhaps,  is  the  effect  of  a  micro- 
wave  resonance  line  as  viewed  from  outside  the  planetary  atmos¬ 
phere,  either  from  a  space  craft  or  from  a  groundbased  site. 
Unfortunately,  the  effect  of  the  resonance  may  not  be  as  pronounced 
in  this  case,  and  therefore  its  utility  is  more  limited.  For  example, 
if  the  total  optical  depth  is  small,  as  is  the  case  for  the  terrestrial 
H|0  line  at  1.35  cm,  the  effect  of  the  resonance  line  is  largely 
compensated  for  by  the  emission  from  the  surface.  This  can  be  seen 
clearly  by  comparing  Figs.  2  and  3  ;  the  latter  has  been  computed 
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by  using  Eqs.  (4)  and  (6)  for  the  exponential  distribution  of  H,0 
in  the  terrestrial  atmosphere.  Note  that  the  total  effect  of  the 
resonance  line  is  an  order  of  magnitude  less  when  viewed  in  absorp¬ 
tion  against  the  terrestrial  surface  than  when  viewed  from  the 
surface  looking  into  cold  space.  It  should  be  emphasized  that  the 
intensity  of  the  resultant  line  depends  critically  upon  the  effective 
radiation  temperature  Tg  of  the  background.  In  computing  Fig.  3 


Fig.  J  H,0  line  shape  as  seen  from  above  the  atmosphere.  Computations 
were  made  for  an  exponential  distribution,  and  assuming  a  radiation  tempe- 
rsture  of  288*^1^  for  the  Karth's  surface. 

the  value  used  for  Tg  corresponded  to  that  of  the  atmosphere  at 
ground  level,  an  assumption  that  is  equivalent  to  asanming  that 
the  emissivity  of  the  surface  is  unity  and  that  the  surface  and  lower 
atmosphere  are  at  identical  temperatures.  On  the  other  hand, 
consider  the  case  of  ocean  surfaces  in  which  the  radiating  tempera¬ 
ture  Tg  may  depart  appreciably  from  the  groundlevel  atmospheric 
temperatures  because  of  the  low  emissivity  (high  reflectivity). 
In  this  case,  the  resultant  temperature  in  the  center  of  the  line 
may  exceed  that  of  the  background  and  the  line  would  appear  as  an 
emission  line,  characteristic  of  observations  from  the  surface.  Such 
a  case  is  shown  in  Fig.  4,  which  has  been  computed  for  the  terres¬ 
trial  H,0  as  seen  over  ocean  areas  that  have  an  assumed  effective 
temperature  of  166®K. 
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The  exunplee  above  have  been  oomputed  by  using  parameters 
that  are  typical  of  the  Earth  and  are  representative  of  an  atmos¬ 
pheric  HjO  distribution  to  illustrate  the  various  possibilities  here. 
It  should  be  emphasized,  however,  that  the  examples  apply  to  a 
single  resonance  line  for  which  the  total  optical  depth  is  small 


Fig.  4.  —  HfO  line  shape  as  seen  from  above  the  atmosphere.  Computa¬ 
tions  were  made  for  an  exponential  distribution,  and  assuming  a  radiation 
temperature  of  I660K  for  the  Earth. 

compared  with  unity.  For  the  case  of  large  optical  depth  and 
many  closely  spaced  lines,  the  resultant  profiles  will  be  more 
dependent  on  the  temperature  distribution  in  the  atmosphere.  In 
fact,  the  questi'  of  whether  a  line  will  be  seen  in  absorption  or 
emission,  when  wed  from  outside  the  atmosphere,  will  depend 
on  the  optical  depth  at  frequencies  near  a  particular  line  and  the 
distribution  o'  temperature  in  the  atmosphere.  An  example  illus¬ 
trating  this  cobc  is  the  complex  of  O,  lines  at  5-mm  wavelength  in 
the  terrestrial  atmosphere  where  the  optical  depth  is  so  large  that 
the  radiation  &om  the  Earth’s  surface  is  totally  absorbed  in  the 
center  of  the  line  complex,  therefore,  even  though  the  lines  are 
generated  in  the  upper  atmosphere  they  will  be  seen  in  emission 
because  of  the  temperature  distribution  {**). 

Our  knowledge  of  planetary  atmospheres,  other  than  that  of 
the  Earth,  is  so  meager  that  detailed  calculations  are  not  justified 
unless  a  molecule  has  been  identified,  or  is  strongly  suspected,  in  an 
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atmosphere.  As  shown  in  Table  la,  the  only  molecules  with  mioro- 
wave  resonance  spectra  which  are  likely  possibilities  are  HjO  on 
Venus  and  XH,  on  Jupiter,  and  both  have  been  investigated 
theoretically  to  determine  their  effect  on  the  microwave  spectra  of 


Fig.  6.  —  Theoretical  microwave  spectra  of  Venus  computed  assuming  an 
atmosphere  of  CO,,  N„  and  H,0,  a  surface  temperature  of  680'’K  and 
a  surface  pressure  of  30  atm.  Ciwe  A  assumes  an  H,0  mixing  ratio  of 
10~'  at  the  surface  and  decreasing  linearly  to  zero  at  33  km.  Curve  B  assu¬ 
mes  an  H,0  mixing  ratio  of  10~*  to  be  uniform  throughout  the  atmosphere. 

these  planets  **•  *•).  In  both  cases  the  analyses  are  replete 
with  assumptions  about  the  physical  characteristics  of  the  plane¬ 
tary  atmosphere  and  surface  and  the  results  are  dependent,  of 
course,  on  the  nature  of  the  assumptions.  As  an  example.  Fig.  6 
shows  a  portion  of  the  Venus  microwave  spectra  as  influenced 
by  the  presence  of  H,0  computed  for  different  assumed  altitude 
distributions  and  total  HtO  content  (**).  These  curves  fllustrate 
how  critical  the  actual  distribution  is  in  determining  the  resultant 
effect  on  the  spectrum  and,  as  already  mentioned,  how  the  obser¬ 
vation  of  a  line  profile  can  give  information  relative  to  the  physical 
structure  of  the  atmosphere.  These  curves  also  point  out  the  fact 
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that  it  may  be  very  difficult  to  identify  a  resonance  with  a  particu¬ 
lar  molecular  species.  The  resonance  is  likely  to  be  quite  broad, 
making  it  difficult  to  determine  accurately  the  center  frequency. 
As  can  be  seen  from  Appendix  I,  the  spectrum  for  wavelengths  less 
than  3  cm  is  rich  in  spectral  lines  and  only  by  an  accurate  measu¬ 
rement  of  the  resonance  frequency  could  other  molecules  be  exclu¬ 
ded.  Therefore,  while  the  detection  of  a  resonance  requires  obser¬ 
vations  over  a  broad  range  of  frequencies,  the  identification  of  the 
resonance  would  be  greatly  increased  by  observations  over  a  narrow 
band  of  frequencies  near  the  resonance  frequency.  This  is  especially 
true  if  there  is  an  abundance  of  molecules  in  the  upper  atmosphere 
of  the  planet  because  the  frequency  dependence  of  the  spectrum 
would  then  be  rather  sharp  near  resonance,  and  the  limits  of  error  on 
the  center  frequency  reduced  accordingly. 

IV.  Determination  of  Atmospheric  Properties 
BY  A  Microwave  Experiment 

As  htw)  been  discussed  above,  observations  from  ground-based 
sites  might  possibly  detect  a  molecular  resonance  in  the  spectrum  of 
a  planet  and,  by  its  shape,  deduce  the  gross  characteristics  of  the 
vertical  distribution.  Observations  from  close  range  such  as  are 
afforded  by  planetary  fly-by  spacecrafts  would  greatly  increase  the 
spatial  resolution  so  that  local  areas  could  be  examined,  longitu¬ 
dinal  effects  determined,  equatorial  and  polar  differences  detected, 
and  day-night  effects  studied.  However,  it  will  be  difficult  to  deter¬ 
mine  the  physical  structure  of  the  atmosphere,  such  as  temperature, 
pressure,  and  abundance  distributions,  by  microwave  measurements 
alone,  without  supporting  data. 

Many  of  these  uncertainties  can  be  removed  by  a  spacecraft 
experiment  in  which  the  vehicle  passes  through  the  atmosphere  and 
impacts  on  the  planet.  Consider  two  fixed-frequency  radiometers, 
one  directed  toward  the  surface  of  the  planet,  and  the  other  oppo¬ 
sitely  directed,  i.  e.,  into  cold  space.  Assume  that  the  frequency  is 
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chosen  so  that  the  total  optical  depth  through  the  atmosphere  is  not 
small.  Then,  for  the  radiometer  directed  toward  the  surface, 
Eqs.  (4)  and  (6)  are  applicable,  and,  for  the  radiometer  directed 
toward  space,  Eqs.  (8)  apply.  The  [radiometer  outputs  will 
continually  change,  of  course,  as  the  vehicle  falls  through  the  atmos¬ 
phere,  and,  supposedly  both  radiometer  outputs  will  be  increasing. 
At  the  moment  before  impact,  one  radiometer  will  register  the  effec¬ 
tive  radiation  temperature  of  the  surface,  while  the  other  will  give 
the  effective  temperature  of  the  atmosphere  as  seen  from  the 
surface,  or  very  close  to  it.  At  a  height  in  the  atmosphere, 
which  is  presumed  to  be  known  from  altimeter  data,  the  output 
of  radiometer  1,  Tai,  directed  toward  the  surface,  will  be 

Ta/  (A,)  =  T,e-^*.>  +  T,  (K)[l  -  e-<*>>],  (9) 

where  T,  (A,)  is  the  average  gas  temperature  over  the  height 
interval  A,,  and  t  (Aj)  is  the  optical  depth  of  the  layer  of  thickness 
Aj.  On  the  other  hand,  the  output  of  radiometer  2,  TJ^2,  directed 
toward  space  will  be 

Ta2(Ax)  =  (10) 

•*. 

which  is  simply  the  integrated  effect  of  all  of  the  atmosphere  above 
Aj.  At  the  surface  of  the  planet,  i.  e.,  A  =  0,  the  outputs  of  the 
radiometers  will  be 

Tax  (0)  Ts  (11) 

•CO 

Ta2  (0)  =  T,  (A,)  [1  —  I  T^c-"  dx  (12) 

•^*1 

By  using  Eqs.  (10)  and  (11),  it  is  possible  to  solve  Eqs.  (9)  and 
(12)  for  T^  (Aj)  and  x  (A^).  By  a  similar  procedure  for  other  heights, 
it  is  possible  to  obtain  the  temperature  distribution  with  height  and 
the  variation  of  the  optical  depth  with  height  throughout  the 
atmosphere.  The  vertical  resolution  afforded  by  this  method,  i.  e., 
the  size  of  the  increments  of  A,  will  depend  entirely  upon  the 
sensitivity  of  the  equipment,  the  value  of  x  (Ax),  and  the  temperature 
gradient  in  the  atmosphere.  Note  that  if  x  (A^)  is  large,  then  both 
radiometers  will  measure  simply  the  gas  temperature  as  a  function 
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of  height  and  no  information  will  be  gained  about  the  optical 
depth. 

The  experiment  outlined  above  can  determine  the  temperature 
gradient,  but  further  information  about  the  atmosphere  is  contained 
in  the  optical  depth  determination  as  a  function  of  height.  The 
mechanism  of  absorption  has  not  been  specified.  In  particular, 
the  experiment  is  not  dependent  upon  a  microwave  resonance  line 
for  its  success,  since  a  nonresonance  absorption  such  as  is  exhibited 
by  CO,  under  high  pressure  (•)  would  suffice.  Needless  to  say,  the 
interpretation  of  the  optical  depth  data  would  depend  on  the 
mechanism  of  absorption  and  the  choice  of  operating  frequency, 
but,  for  purposes  of  illustration,  suppose  that  the  absorption  is 
due  to  a  resonance  line  and  the  observing  frequency  is  on  the  center 
of  the  resonance.  Then,  for  an  isolated  line,  the  optical  depth  can 
be  written 

NA 

=  (12) 

where  K  is  evaluated  from  Eqs.  (6)  and  (7).  If  it  can  be  assumed  that 
the  linewidth  Av  is  proportional  to  the  total  pressure  and  that  the 
nximber  density  of  the  particular  molecule  N  is  proportional  to  a 
fraction  «  of  the  total  pressure,  then  it  follows  from  Eq.  (13)  that 
t(A,)  is  proportional  to  e  and  independent  of  the  total  pressure. 
Therefore,  a  determination  of  the  optical  depth  in  increments  of  A, 
can  be  interpreted  in  terms  of  the  fractional  abimdance  of  the 
molecule  throughout  the  atmosphere. 

Many  versions  of  this  experiment  can  be  proposed.  For 
example,  it  might  be  more  feasible  to  have  two  radiometers,  both 
looking  toward  the  surface,  tuned  to  difiTerent  frequencies  in  the 
line,  or  to  accomplish  the  same  thing  with  one  radiometer  but  to 
time-share  the  frequencies.  The  details  of  any  experiment  will 
depend  on  the  type  of  information  sought,  constraints  imposed  by 
the  spacecraft,  state-of-the-art  techniques,  etc.,  but  microwave 
techniques  may  afford  a  means  of  probing  planetary  atmospheres 
that  is  competitive  with,  or  superior  to,  other  methods. 
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APPENDIX 

Microwave  resonance  lines  of  aeleeted  moUculea 

All  frequencies  are  in  Mc/s.  Lines  designated  by  (*)  are  calculated 
frequencies ;  all  other  frequencies  have  been  measured  in  the  laboratory. 
Identifications  of  transitions  by  their  quantum  numbers,  where  available, 
are  those  reported  in  the  original  publications. 


CfljO  {HfCO,  Formaldehyde) 


Transition 

Frequency 

I’ranaition 

Frequency 

12j,i«  -> 

12,., 

3,225.58 

254,,,  -y 

25..,, 

19,695.23 

2O4..4 

3,518.85 

9..r 

22,965.71 

1..1 

1... 

4,829.73 

17,.,. 

17,,.. 

24,068.31 

«... 

«L. 

4,954.79 

36,.,, 

35,.,, 

24,730.40 

13t,ii 

13.,4, 

5,136.58 

264,,, 

264.,, 

26,368.82 

2l4,li 

2l4,l» 

6,138,57 

3.,. 

3.,. 

28,974.86 

224.,, 

224... 

7,362.60 

18,,.. 

18.,.. 

33,270.80 

^li,.* 

3l§,., 

7,833.20 

10,,, 

io.„ 

34,100.32 

14,,.. 

14,,ti 

7,892.03 

27,.,. 

27..,, 

34,982.80 

7... 

7... 

8,884.87 

1».,.T 

19.,.. 

46,063.10 

234,.. 

234.,, 

10,366.51 

28.,.. 

284,,. 

45,836.68 

32,.,, 

32,.,, 

10,608.74 

4.,4 

4.,. 

48,284.60 

18,.,, 

16,,.. 

11,753.13 

ll.,i. 

n... 

48,612.70 

33,,,, 

33,,,, 

14,211.68 

29.,,, 

294,,. 

244,.. 

24..,. 

14,361.54 

20,.„ 

20.,. T 

2... 

2.,. 

14,488.65 

12,,ii 

12.,.. 

8... 

8... 

14,726.74 

61,. 

6i,« 

72,409.36 

16...4 

16,... 

17,027.60 

0,., 

l.,i 

72,838.14 

34,. ,, 

34,.,, 

18,841.20 

3O4,,, 

3O4.., 

CH,0,  (HCOOH,  Formic  acid) 

Eighty-nine  lines  between  16  KMc/s  and  203  KMc/s  have  been  identified 
and  accurately  measured.  (See  ref.  28  and  29.) 
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CO  {Carbon  monoxide) 


Transition 

Frequency 

J  =  0 

1 

116,271.20 

J  ~  1 

2 

230,637.97 

J  2 

3 

345,706.90 

CfH  ,0  (HfixO,  Ketene) 

Transition 

Frequency 

®i,i  ->■ 

«i.i 

7,026.18 

*7.,„ 

27..„ 

9,188.20 

28,,i. 

10,588.88 

8i,» 

9i.. 

16,980.97 

0... 

1.,, 

20,209.20 

10,.,. 

10,., 

20.753.90 

11,.,, 

11,.,. 

24,903.63 

12,.„ 

12,.,, 

29,430.02 

12,.,, 

13,.,. 

34,333.14 

CS  (Carbon  monoeulfide) 


Transition 

Frequency 

J  ”  0  1,  V  =  0 

48,091.00 

J  =  0  1.  V  =  1 

48,635.01 

J  =  1  2,  V  =  0 

97,982* 

Transition 

Frequency 

14,.,. 

“>■  14,,,. 

39,612.56 

1,., 

2,,i 

40,038.80 

1..I 

2... 

40,417.90 

1... 

2..1 

40,793.62 

2,.. 

3,.. 

60,057.92 

2t,i 

3,,, 

60,616.88 

2... 

3,., 

60,617.30 

2... 

3... 

60,625.68 

2... 

3,,t 

61,190.24 

CfHN  (CHCCN,  Cyanoaeetylene)  HNCS  (leothioeyanie  add) 


Tranntion  Frequency 

J  =  1  ->  2  18,196.6 

J  =  2  3  27,294.7 


Trandiion  Frequency 
l>,i  ->  2,,,  23,499.6 


HCN  (Hydrogen  cyanide) 


Transition 

Frequency 

A  J  =  0,  J  =  3 

2,693.35 

J  =  4 

4,488.50 

J  =  6 

6,731.95 

J  =  6 

9.460 

J  =  7 

12,662.46 

J  =  8 

16,147.67 

J  =  9 

20,181.39 

J  =  10 

24,660.40 

J  =  11 

29,685.12 

J  *=  12 

35,043.24 

J  =  0  1 

88,631.4 

HNCO  (Isocyanie  acid) 

Transition 

Frequency 

8»,«  l«,i 

21,981.7 

fl.O  (Water) 

Transition  Frequency 

5.. ,  ->  6,,,  22,235.22 

2.. ,  3,.,  183.311 

H  ,0  ^(Hydrogen  peroxide) 

Frequency 
11,072  37,618 

14,829  39,033 

22,064  30,495 

27,630  39,760 

36,916 

(Hydrogen  sulfide) 

Transition  Frequency 

1.. 1  li,o  168,762.61 

2.. ,  2.,,  216,710.42 


NH%  (Amntonia) 

Between  1 1,947  Mc/e  and  39,942  Mo/b  there  are  91  lines  whose  frequ«i> 
cies  have  been  meiuured.  (See  ref.  8  and  27).  For  pressures  of  approxi¬ 
mately  1  atm,  the  spectrum  is  equivalent  to  a  single  line  at  approximately 
27,000  Mo/s. 
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NO  {Nitric  oxide) 

•n^j,  J  =1  1/2  ^  3/2  150,210  i;  36  (6  lines) 

150,510  ±  150  (6  lines) 

•ni/j,  J  =  3/2  6/2  260,460  ±  23  (6  lines) 

250,760  ±  55  (5  lines) 

•n.,,,  J  =  3/2  6/2  267,790  ±  40  (6  lines) 

257,800  ±  40  (6  lines) 

Each  line  is  split  by  magnetic  hyperfine  structure  into  several  lines 
covering  the  frequency  range  shown. 


NOt  (Nitrogen  dioxide) 


Traneition 

Frequency 

8»,»  ->  7,,, 

15,290  i:  360  (10  lines) 

40.,., 

39,.,, 

16,020  ±  12  (6  lines) 

24.,.. 

26,630  ±  66  (8  lines) 

22i,ii 

2U.. 

39,150  ±  95  (6  lines) 

*i.» 

10.,.. 

40,820  ±  160  (6  lines) 

Each  rotational  line  is  split  by  magnetic  fine  structure  into  several  lines 
covering  the  frequmcy  range  shown. 


NfO  (Nitrous  oxide) 

OH 

Traneition 

Frequency 

Traneition 

Frequency 

‘Hh. 

J  =  11/2 

36,988  ±  5 

J  =  0  ^  1 

25,123.25 

J  =  3/2 

7,790  ±  30 

J  =  1  2 

50,246.03 

J  =  6/2 

8,160  ±  26 

J  =  2  3 

76,370* 

Frequency  range  shown  includes 

J  =  3  4 

100,401.76 

only 

the  two  1 

strong  hyperfine 

J  -=  4  .’) 

125.613.68 

transitions. 

OCS  (Carbonyl  mdfide) 

0,  (Oxygen) 

N  N+ 

N~ 

Traneition 

Frequency 

1 

66,266.2 

118,745.6 

J  =  0-»-  1,  e  =  0 

12,162.9* 

3 

58,446.6 

62,486.2 

o 

1! 

II 

24,325.9 

5 

69,591.0 

60,306.0 

li 

II 

O 

36,488.8 

7 

60,434.8 

59,164.2 

J  =  3  4,  e  =  0 

48,651.6 

9 

61,150.6 

68,323.9 

J  =  4  5,  »  =  0 

60,814.1 

11 

61,800.2 

67,612.3 

J  =  36  36,  V  0 

486,184.2 

13 

62,411.2 

66,968.7 

J  =  41  42,  V  =  0 

510,457.3 

16 

62,997.8* 

66,363.2* 

17 

63,668.5 

55,784.1 

OH  (Hydroxyl  radical) 

19 

64,127.6 

65,220.8 

Traneition 

Frequency 

21 

64,678.9 

64,672.6 

•n./.,  J  =  3/2 

1,666  ±  1 

23 

65,224.1 

54,130.0 

J  =  5/2 

6,033  ±  2 

25 

66,761.6* 

63,597.6* 

J  =  7/2 

13,438  ±  3 

27 

66,297.8* 

63,069.5* 

J  =  9/2 

23,824  ±  4 

29 

66,831.3* 

52,646.8* 
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SI 

67,362.7* 

62,026.9* 

83 

67.898.3* 

61,609.1* 

36 

68,420.6* 

60,994.9* 

37 

68,947.8* 

60,483.0* 

89 

69,474.1* 

49,973.0* 

41 

69,999.8* 

49,464.8* 

43 

70,624.9* 

48,968.2* 

46 

71,049.7* 

48,463.0* 

47 

71,674.3* 

47,949.2* 

49 

72,098.8* 

47,446.6* 

•  Frequenciee  calculated  by  M.  L. 
Meeka. 


0(  (Ozone) 


Traneition 

Frequency 

->  20,.  „ 

9,201 

*«,« 

10,., 

10,226 

a... 

*4.4 

11,073 

24.,.. 

23,.  „ 

16,116 

2«4.1. 

27,... 

16,413 

18,.,, 

23,861 

45, 

25,300 

a9,,ji 

88,.  „ 

25.611 

15...4 

26,649 

*0,.,4 

41,.„ 

27,862 

a®  4,44 

24,,,, 

28,960 

1«4..4 

154,1, 

30,062 

16i.14 

14,, 14 

30,181 

18.,  1, 

30,626 

284,14 

23,.,, 

36,023 

17.,.. 

18,.i, 

37,832 

2.,  4 

1... 

42,833 

184,14 

12..1, 

43,664 

2..4 

2i,i 

96,229 

«*.4 

4.,. 

101,737 

0... 

li,. 

118,364 

SOt  (Sulfur  dioxide) 


1... 

Traneition 

2i,, 

Frequency 

18,680.2 

I..1 

84,4 

19,126.4 

1... 

2i,. 

19,684.3 

134,14 

12,., 

20,336.47 

23,.  1, 

24,.,, 

22,482.61 

«... 

5.,4 

23,414.30 

22,. 1, 

21,.., 

24,039.60 

81,4 

8.,. 

24,083.39 

84,.,, 

86,.  „ 

26,049.13 

7... 

81,1 

26,392.80 

24..1, 

26,., 1 

26,777.20 

2i.. 

81,. 

27,867.0 

2... 

84,4 

28,674.3 

84,1 

3.,. 

28,699.3 

2... 

84,1 

28,723.4 

184,14 

17.,.. 

28,868.11 

8.,. 

44,, 

29,321.22 

2.,. 

8... 

29,622.8 

8.,. 

4... 

37,149.0 

8.,. 

44,4 

38,203.0 

3|,4 

4^4 

38,260.9 

8... 

8..1 

4.. .| 

4.. .  i 

38,279.1 

3... 

4.,. 

38,322.3 

3.,. 

4i,4 

39,366.2 

84,4 

2i,. 

63,629.16 

4.,4 

4i,. 

69,226.00 

0,,4 

1... 

69,676.06 
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19.  —  NON-THERMAL  NOISE  MEASUREMENTS 
NEAR  PLANETS  {•) 


E.  F.  ML0DN08KY,  D.  L.  CAEPENTER,  R.  A.  HELLIWELL 
Radioteienee  Laboratory,  Stanford  University 
Stanford,  California,  V.  S.  A. 


Summary 

It  is  proposed  to  study  planetary  ionization  and  magnetic  fields 
by  the  interpretation  of  measurements  of  non-thermal  radio  noise 
made  near  planets  on  a  fiy-by  space  probe.  The  noises  to  be  consi¬ 
dered  are  (a)  noises  which  are  external  to  a  planet  such  as  cosmic 
noise,  and  solar  and  Jovian  noise  bursts,  and  (b)  noises  which 
might  be  expected  to  be  local  to  a  planet  such  as  atmospheric 
noise  and  whistlers  (originating  with  lighting  discharges),  and  VLF 
emissions  whose  origin  is  currently  believed  to  be  related  to  streams 
of  charged  solar  particles  and  such  generation  mechanisms  as 
Cerenkov  or  Cyclotron  radiation  and  perhaps  traveling-wave 
amplification  effects.  It  is  assumed  that  the  measurements  could  be 
made  at  a  distance  close  enough  to  the  planet  so  that  the  probe 
would  pass  through  the  planetary  magnetosphei-e.  It  is  expected 
that  the  local  plasma  frequencies  would  be  greater  than  the  local 
electron  gyro-frequencies  and  that  the  electron  density  would 
decrease  with  radial  distance  from  the  planet. 

The  measurements  would  be  made  by  receivers  also  function¬ 
ing  for  propagation  measurements  of  man-made  radio  transmis¬ 
sions,  which  are  another  class  of  experiments  adaptable  to  the 
study  of  planetary  atmospheres.  While  noise  measurements 
near  a  planet  would  be  of  great  value  in  determining  the  noise 
envuonment  of  the  planets  and  in  extending  knowledge  of  the 
noises  themselves,  emphasis  here  is  on  the  information  about  the 
planetary  ionizatUm  and  magnetic  fields  which  may  be  obtained. 

(*)  This  work  was  supported  by  the  National  Aeronautics  and  Space 
Administration  under  Grant  NsG  174-61  to  Stanford  Univenity. 
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Magneto-ionio  theory  suggests  that  the  spectrum  of  noise 
which  may  be  ol»erved  at  the  probe  will  consist  of  (a)  an  upper 
frequency  range  whose  lowest  frequency  will  be  the  plasma  £re> 
quency  local  to  the  probe,  and  in  which  range  the  noise  will  reach 
the  probe  via  conventional  ionospheric  propagation ;  and  (b)  a 
lower  frequency  range  whose  highest  firequency  will  be  the  electron 
gyro-frequency  local  to  the  probe,  and  in  which  range  the  noise 
can  reach  the  probe  by  propagating  in  the  whistler-mode,  or,  for  the 
extremely  low  frequencies,  in  various  hydromagnetic  modes  (which 
will  not  be  considered  here). 

From  the  high  frequency  noise  measurements  : 

(1)  The  local  plasma  frequency  along  the  trajectory  may  be 
obtained  by  noting  the  lower-frequency-cutoff  in  the  cosmic  noise 
(asstuning  cosmic  noise  sources  are  isotropic). 

(2)  An  estimate  can  be  made  of  the  variation  of  outer  ioni¬ 
zation  density  with  radial  distance  by  combining  the  cosru’c-nolse- 
cutoff  measurement  with  the  somewhat  greater  lower-cutoff- 
firequency  of  the  enhanced  noise  intensity  which  should  be  observed 
from  strong  discrete  sources  such  as  the  sun  and  Jupiter.  Bay  path 
considerations  show  that,  for  frequencies  lower  than  some  critical 
value,  the  probe  will  be  within  an  occulted  zone  relative  to  the 
discrete  source.  The  discrete  noise  lower  cutoff  frequency  will  be 
a  function  of  probe-planet  distance,  planet-source  angle,  and  plane¬ 
tary  electron  density  variation.  Simple  considerations  show  that 
the  ratio  of  enhanced  discrete  noise  cutoff  to  cosmic  noise  cutoff 
frequencies  is  greatest  and  most  sensitive  to  the  variation  of  plane¬ 
tary  electron  density  for  small  planet-source  angles.  A  minimum 
number  of  discrete  events  would  provide  useful  information. 
Should  more  than  one  discrete  source  be  present  coincidentally,  the 
interpretation  is  more  complicated  but  still  possible. 

(3)  An  estimate  of  the  maximum  plasma  frequency  of  the 
planetary  ionosphere  may  be  obtained  from  noting  the  cutoff  in 
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the  spectra  of  atmospheric  noise  (if  present)  which  is  able  to  pene¬ 
trate  the  planetary  ionosphere. 

For  the  low  frequency  noise,  whistlers  and  VLF  emissions  are 
of  the  greatest  significance.  K  no  magnetic  field  exists,  no  VLF 
noise  will  be  observed  ;  a  fact  of  importance  in  itself.  If  a  magnetic 
field  exists,  and  there  is  planetary  atmospheric  lightning,  whistlers 
should  be  obeyed.  From  the  low  frequency  measurements  : 

(4)  An  estimate  of  the  minimum  electron  gyro-frequency 
along  the  whistler  propagation  path  (approximately  along  a  magne¬ 
tic  field  line)  may  be  obtained  from  the  determinarion  of  whistler 
nose  frequency,  that  is,  the  frequency  of  minimum  time  delay. 

(6)  An  estimate  of  the  int^prated  electron  density  along  the 
whistler  path  may  be  obtained  frt>m  a  measurement  of  time  delay 
at  the  nose  frequency. 

(6)  An  estimate  of  the  electron  temperature  in  the  exosphere 
may  be  obtained  by  noting  the  upper  cutoff  frequency  of  the  whist¬ 
ler  spectrum.  This  interpretation  is  based  on  Landau  damping. 

(7)  The  approximate  height  of  the  lower  ionosphere  may  be 
obtained  by  noting  the  lower  cutoff  frequency  of  whistler  spectra 
for  those  whistlers  which  have  propagated  between  the  planet  and 
the  ionosphere  for  some  distance  before  penetrating  the  ionosphere. 
This  phenomenon  is  analogous  to  a  waveguide-cutoff  effect  and  is 
observed  in  terrestrial  whistlers. 

If  a  planetary  magnetic  field  exists,  VLF  emissions  should  be 
observed.  The  theory  of  the  many  types  of  VLF  emissions  is  not 
very  well  advanced,  compared  to  whistler  theory,  and  consequently 
the  information  which  can  be  obtained  from  their  observation  is 
limited.  When  the  emission  is  discrete  and  periodic,  it  can  be 
assumed  that  the  emission  is  echoing  along  a  field  line  in  the  whist¬ 
ler  mode.  In  this  case,  approximate  information  on  the  minimum 
electron  gyro-frequency  along  the  path  may  be  obtained  from  a 
meamrement  of  the  upper  cutoff  frequency  of  the  spectrum,  and 
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information  on  integrated  electron  density  along  the  path  may  be 
obtained  from  measurements  of  the  echo  period. 

The  proposed  measurements  require  the  determination  of 
cutoff  frequencies  and  time  delays  or  echoing  intervals.  The  accu¬ 
racy  with  which  the  various  parameters  may  be  determined, 
depends  upon  resolution  in  time  and  frequency.  In  general,  for  deep 
space  probes,  the  instrumentation  would  consist  of  many  fixed- 
frequency  receivers  whose  outputs  would  be  digitally  sampled. 
The  number  of  receivers  and  the  sampling  rate  would  be  limited 
primarily  by  the  telemetry  system  data  transmission  rate.  Specific 
instrumentation  could  be  designed  to  investigate  some  of  the  out¬ 
standing  questions  of  particular  planets. 

The  data  on  ionization  and  magnetic  fields  that  would  be 
obtained  &x>m  the  interpretation  of  noise  measurements  are  of  an 
indirect  nature,  and  the  noise  measurements  are  here  proposed 
to  supplement  more  direct  measurements  as  might  be  made  by 
devices  such  as  magnetometers,  Langmuir  probes,  ion  traps,  etc. 
Noise  measurements  would  increase  the  probability  of  overall 
success  of  a  planetary  probe  without  resorting  to  redundant  instru¬ 
mentation.  It  is  therefore  felt  that  nun-thermal  measurements 
should  be  included  among  the  experiments  to  be  performed  on  the 
first  probes  designed  to  study  planetary  atmospheres. 
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20.  —  INSTRUMENTATION  FOR  OBSERVATIONS  OF 
PLANETS  IN  THE  FAR  INFRARED 


Hbctob  C.  INQRAO  and  Donald  H.  MENZEL 
Harvard  College  Ohaervatory 
Cambridge,  Maaaachueette,  U.S,  A. 

iNFaABED  DETECTORS 

When  we  reduce  the  available  data  of  the  various  IR  detectors 
for  intercomparison,  we  generally  find  two  difficulties  :  either  the 
data  is  not  expressed  in  homogeneous  representative  parameters, 
or  all  the  necessary  information  is  not  provided.  The  following  set 
of  representative  parameters  (^)  (*)  for  the  IR  detectors  was  chosen 
in  order  to  make  the  intercomparison  possible. 

Deieclor  Temperature  T^  ;  the  operation  temperature  of  the 
detector  expressed  in  °K. 

Responsive  Area  A  :  the  area  over  which  the  detector  is  more 
or  less  equally  responsive  expressed  in  cm*  or  mm*. 

Noise  Bandwidth  A/  :  the  bandwidth  of  the  noise  effective  in 
NEP  measurements,  expressed  in  cps. 

Responsivity  R/  :  the  responsivity  defined  as  the  ratio  of  the 
rms  power  incident  upon  the  detector  at  a  modulating  frequency  /. 
The  units  will  depend  upon  the  type  of  output.  Generally,  in  detec¬ 
tors  with  electrical  output,  the  responsivity  will  be  expressed  in 
volt  watt-*. 

Responsivity  Ro  :  the  responsivity  defined  as  the  ratio  of  the 
rms  output  to  the  rms  power  incident  upon  the  detector  at  zero 
frequency.  In  detectors  with  electrical  output  it  will  be  expressed 
in  volt  watt-*. 

Time  Constant  t  :  defined,  if  the  responsivity  varies  in  accor¬ 
dance  with  the  following  relation  as 

R,  =  R.  /  [I  +  (2nm\ 
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where  R/  and  Rq  are  defined  as  above  ;/i8  the  modulating  frequency 
and  T  the  time  constant. 

The  following  figures  of  merit  were  chosen  : 

Noise  Equivalent  Power  NEP  or  :  the  rms  noise  at  the  detec¬ 
tor  output,  expressed  in  terms  of  the  detector  input  given  in  watts. 

Noise  Equivalent  Power  Density  NEPD  :  the  rms  noise  in  the 
detector  output  expressed  in  terms  of  the  power  density  at  the 
input  and  given  in  watt  cm-*. 

Normalized  Detectivity  D*  :  the  reciprocal  of  the  NEP  meawnred 
with  a  bandwidth  of  one  cps  and  reduced  to  a  responsive  area  of 
one  cm*.  D*  (pronounced  «  dee-star »)  is  expressed  by  the  following 
relation  : 

D*  =  (A  (NEP)->, 
and  is  given  in  cm  (cps)'--^  watt-'. 

To  examine  the  effect  on  D*  by  the  field  of  view  subtended  by 
the  detector  Jones  (*)  has  introduced  the  figure  of  merit  D** 
(pronounced  « dee-double-star  »)  defined  as 

D**  =  (Q/t:)’ D*. 

where  is  the  solid  angle  view  by  the  detector.  Moreover,  since 
the  response  will  be  proportional  to  the  convolution  of  the  spectral 
radiant  emittance  of  the  source  and  the  spectral  response  of  the 
detector  or  the  spectral  transmittance  of  the  window  in  a  thermal 
detector,  the  temperature  of  the  source  should  be  defined  for  the 
measurement  of  D*.  Furthermore,  because  of  the  noise  power 
spectrum  of  the  detector,  the  modulating  frequency  and  the  noise 
bandwidth  also  should  be  specified. 

In  general  and  for  a  certain  operating  point  of  the  detector, 
D*  is  expressed  as  D*  (T,  /,  A/),  where  T  is  the  temperature  of  the 
source,  /  the  chopping  frequency  and  A/ the  bandwidth  used  for  the 
measurement.  In  the  case  of  quantum  detectors  the  normalized 
detectivity  function  of  the  radiation  wavelength,  or  Dj,,  the  nor¬ 
malized  detectivity  at  maximum  response  is  often  given. 
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Our  group  has  thoroughly  investigated  the  literature  in  the 
field  of  single  detectors.  The  available  detectors  that  have  any 
interest  for  our  program  are  listed  in  Tables  I  and  II. 

Table  I  lists  the  single  thermal  detectors  and  Table  II  lists 
the  single  quantum  detectors  that  have  a  spectral  response  in  the 
range,  or  close  to  the  wavelength  of  the  atmospheric  window 
8(x  — 14(1.  The  thermal  linear  expansion  detector  was  included  in 
Table  I  for  comparison  purposes  and  not  for  any  potential  astro¬ 
nomical  application. 

The  choice  of  an  infrared  detector  for  astronomical  purposes 
should  depend  on  the  spectral  response,  NEP,  time  constant,  and 
responsive  area,  but  other  factors  that  finally  will  affect  the  perfor¬ 
mance  of  the  equipment  are  linearity,  characteristics  independent 
of  time,  sensitivity  to  vibration  and  stray  fields. 

Having  evaluated  the  list  in  Table  I,  we  believe  that  for  an 
imcooled  thermal  detector  of  a  small  responsive  area  the  right 
choices  are  a  selected  thermocouple  produced  by  Farrand 
(D*  =  1.6  X  10*),  or  one  similar,  or  a  good  thermistor  bolometer. 
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Fi(z.  1.  —  Laboratory-  netup  at  Harvard  College  Observatory  for  testing  the 
ferroelectric  bolometers. 


When  a  larger  or  « adjustable »  reeponsive  area  is  needed,  a 
pneumatic  detector,  such  as  a  selected  Golay  or  ONERA  cell 
(D*  =  4  X  10*),  would  be  advisable. 

Quantum  detectors  from  Table  II  should  be  chosen  on  the 
basis  of  each  specific  application.  We  should  point  out  in  this  Table 
that  the  Te  detector  has  a  NEP  of  3.1  x  10~^*  watt  at  3.4  (x 
operating  at  77oK  and  for  a  bandpass  of  6  cps  at  6,000  cps  modu¬ 
lating  frequency.  This  detector  operates  practicaUy  background 
limited. 

Ferroelectric  Bolometer 

In  an  effort  to  develop  a  thermal  image-forming  system  of 
simultaneous  read-in  for  lunar  observations,  our  laboratory  has 
built  and  tested  several  single  thermal  detectors  using  the  combined 
pyroelectric  and  dielectric  variations  of  (Ba,  Sr)TiO,  solid  solutions 
as  a  function  of  the  temperature  near  the  Curie  point.  When  we 
began  our  program  in  1960,  we  did  not  know  that  other  laboratories 
were  engaged  in  work  in  this  field. 

Hanel  (*)  has  shown  theoretically  that  a  good  single  crystal 
of  BaTiO,  used  as  a  temperatiu*e-sensitive  capacitance  can  achieve 
temperature  noise-limited  operation  under  certain  conditions. 
Cooper  (*)  has  extended  the  analysis  to  the  pyroelectric  effect  of 
BaTiO  3  single  crystal  and  has  shown  that  under  certain  operating 
conditions  the  bolometer  could  be  limited  only  by  temperature 
fiuctuations.  Both  the  above  calculations  make  rather  optimistic 
assumptions  and  use  values  for  the  thermal  and  electrical  para¬ 
meters  of  the  detector  material  without  analyzing  the  simultaneous 
pyroelectric  and  dielectric  variations  as  a  function  of  temperature 
for  DC  operation. 

Mattes  and  Perals  (*)  have  made  a  pyroelectric  transducer  of 
BaTiO  3  ceramic  for  measuring  large  temperature  changes  of  tens 
of  degrees.  Lang  (^),  by  using  pyroelectric  phenomena  in  a  rod  of 
BaTiO  3  ceramic  reported  detection  of  temperature  changes  of 
2  X  10-’°C. 
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The  first  ceramic  for  the  bolometer  made  in  our  laboratory  (*) 
used  a  solid  solution  of  25  mole  %  SrTiOs  and  76  mole  %  BaTiOj, 
ground  to  a  size  2  mm  x  2  mm  X  0.5  mm.  The  two  square 
surfaces  have  been  metallized,  a  0.001  in.  platinum  wire  has  been 
bonded  to  each  of  these  metallized  sides  by  a  conductive  cement. 
The  detector  is  suspended  by  these  wires  from  two  pins  of  a  7-pin 
tube  base.  On  one  side  of  the  detector  a  blackbody  layer  (camphor 
suit  or  Glyptal  paint)  is  deposited  to  receive  the  incoming  radiation. 
At  first,  although  the  shorter  milling  time  in  the  preparation  of  the 
ceramic  avoided  introducing  impurities  during  the  milling  process, 
the  two  constituents  failed  to  form  a  solid  solution.  As  a  result 
the  Curie  points  of  the  crystallites  varied  over  a  range  from  0°  to 
25°('.  so  that  the  dielectric  constant  varied  quite  smoothly  with 
temiJerature.  For  this  ceramic  at  2r)»C’  the  relative  permittivity  is 
K'  2740,  the  temperature  coefficient  of  the  permittivity  is 
*  =  0.1  and  the  tangent  of  loss  angle  is  S  =  0.01. 

The  detectors  made  with  this  material  operated  in  open  air 
and  were  mounted  in  an  aluminum  cavity  with  heavy  walls  and 
placed  in  a  water  bath  for  close  temperature  control.  The  infrared 
signals  were  fed  from  a  blackbody  cavity  through  a  hole  in  the 
aluminum  cavitJ^  Figure  1  gives  a  general  view  of  the  experimental 
setup. 

The  hysteresis  losses  of  the  detector  were  measured  at  50  cps 
calculating  the  area  of  the  hysteresis  curve,  electrostatic  charge  va 
voltage,  for  a  large  signal  leAel  comparable  with  the  coercive 
field  Ef.  Below  the  Curie  point  Tc  the  losses  were  of  the  order  of 
10  microwatts,  while  above  the  transition  temperature  they  were 
immeasurably  small.  This  is  to  be  expected  since  above  Tc  the 
domains  and  their  associated  reversal  losses  disappear.  Losses  for 
a  small  signal  level  (0.01  Ec)  were  immeasurably  small  for  all  T. 
However,  according  to  the  cube  law  for  (Ba,  Sr)Ti03  the  small 
signal  losses  should  be  about  10~®  (0.01)®  =  10~^^  watt  at  60  cps. 
These  figures  compare  with  the  julean  heating  in  thermistor  of  the 
order  of  10"®  watt. 
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For  the  second  series  of  ferroelectric  bolometers  a  ceramic 
with  the  characteristics  shown  in  Figure  2  was  used.  In  this  case 
is  around  8“C,  the  DC  resistivity  close  to  10^*  ohrn-cm,  and  the 
thermal  coeficient  a  =  4.85  %/°C  at  the  point  of  operation.  The 
bolometers  are  2  mm  X  2  mm  in  size  and  0.2  mm  in  thickness, 
have  platinum  lead  0.0005  in.  diameter,  and  are  enclosed  in  a 
vacuum  enclosure  at  1  x  10'*  mm  Hg  of  pressure.  In  addition,  the 
enclosures  are  provided  with  a  BaFj  window.  These  bolometers 
have  a  capacitance  =  800  pf  and  an  equivalent  leakage  resistor 
z=  1  X  10^*  ohm. 


Fig.  2.  —  Pemvittivity  of  (Ba.  Sr)TiOj  and  loss  tangents  as  a  function  of 
temperature.  DC  resistivity  of  the  ceramic  close  to  10“  ohm-cm.  (Measure¬ 
ment  by  Gulton  Industries,  Inc.,  New  Jersey,  USA.). 


To  measure  the  responsivity,  the  detectors  were  connected  in 
series  with  a  mercury  battery  of  30  volts  to  the  preampUfier  input. 
The  preamplifier  uses  as  a  first  stage  a  Crystalonics  C-624*  field- 
effect  transistor,  which  is  a  new  type  of  transistor  that  gives  a  low 
noise  operation  at  very  high  input  impedance.  This  stage  is  fol- 

(*)  Crystalonics,  Inc.,  Cambridge,  Massachusetts,  USA. 
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lowed  by  two  2  N  2049  Fairchild  transistors.  The  point  of  operation 
of  the  first  transistor  gave  an  equivalent  input  resistance  of 
Rj  =  3  X  10^®  ohm  and  an  input  capacitance  of  Cj  =  180  pf. 
With  these  values  the  second  bolometer  (G  22)  to  be  prepared  gave 
a  responsivity  of  480  volts  per  watt  at  a  modulating  frequency  of 
3  cps. 


lapafi&i  I 


Fig.  3.  —  Output  of  the  ferroelectric  >  olometer  G-22,  2  mm  x  2  mm  in 
size  ;  infrared  signal  approximately  7  x  10“*  watt  peak  to  peak,  chopped 
at  3cpe  and  a  bandwidth  A/  =  0.25  cps. 

Figure  3  shows  a  record  with  this  detector  at  room  temperature 
(23‘*C)  of  a  signal  level  of  the  order  of  7  x  10-*/(*)  watt  peak  to 
peak  at  a  modulating  frequency  of  3  cpa  and  a  A/  =  0.26  cpa  at 
a  chart  speed  of  20  mm  The  noise  present  on  the  record  comes 
almost  entirely  from  the  electronics  and  not  from  the  detector. 
Hence,  we  cannot  yet  quote  a  measured  NEP  for  this  bolometer. 

At  present,  we  are  improving  the  electronics  to  achieve 
detector  noise  operation  and  measure  the  detector  parameters.  We 
have  also  started  to  prepare  ferroelectric  bolometers  1  mm  x  1  mm 
in  size  and  0.2  mm  in  thickness. 

(*)  The  radiation  slide  rule  from  General  Electric  was  used. 
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Radiation  Pyrometer 

To  obtain  thennal  scannings  of  the  Moon,  we  are  constructing 
in  our  model  shop  a  radiation  pyrometer  labeled  Model  I-B.  A  view 
of  the  radiation  p}rrometer  head  is  given  in  Figure  4.  This  head  has 
been  designed  to  operate  with  optical  systems  between //3  and  //6. 
The  chopper  6-inch  diameter  double  blade  is  made  of  pyrex,  3/32 
inches  in  thickness.  One  side  has  a  good  optical  finish  and  is  alumi¬ 
nized  ;  the  side  facing  the  detector  has  a  gold  evaporated  film 
(reflectivity  99  %  at  10  jx).  The  chopper  shaft  uses  three  high- 
precision-instrument,  angular,  contact  ball  bearings,  preloaded 
with  4  lb.  to  remove  any  axial  play.  The  shaft  is  coupled  to  the 
driving  mechanism  by  a  foam-clutch  coupling. 

The  drive  consists  of  a  miniature  hysteresis  synchronous 
motor  operating  at  1800  rpm  and  coupled  to  a  fnction-t}rpe  variable- 
speed  drive  by  means  of  a  flexible  coupling.  The  ratios  range  firom 
6  :  1  to  1  ;  5,  giving  a  chopping  frequency  fix>m  12  cpa  to  300  cpe, 
and  thus  allow  for  operation  of  different  time  constants  of  the 
system  and  consequently  at  different  scanning  speeds. 

The  phase  sensor  for  the  coherent  rectification  has  a  G!e  photo¬ 
diode  and  a  miniature  light  bulb.  The  adjustment  of  the  phase 
sensor  is  90"  (geometrical). 

The  thermal  detector  is  mounted  in  a  plug-in  unit  where  the 
preamplifier,  power,  and  bias  supply  are  located.  The  unit  is  all 
magnetically  shielded  inside  with  « Co-Netic  ».* 

When  the  plug-in  is  in  place,  the  detector  is  at  one  end  of  the 
blackbody.  This  blackbody  is  made  of  steel  with  interior  milled 
grooves  of  15o  aperture  to  give  an  equivalent  emissivity  that  is 
practically  independent  of  the  emissivity  of  the  steel.  Moreover, 
the  blackbody  is  completely  insulated  with  styrofoam  to  increase 
the  thermal  time  constant  due  to  temperature  variation  in  the 
environment.  The  temperature  is  monitored  continuously  by  means 
of  a  thermistor  thermometer.  The  filter  holder  is  located  in  the  same 
blackbody  with  space  for  three  filters. 

(*)  Perfection  Mioa  Co.,  Ulinoie,  USA. 
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The  Model  1-B  p3n‘Oineter  has  been  designed  for  use  with 
different  detectors.  At  present  we  have  a  thermistor  bolometer,  an 
immersed  thermistor  bolometer,  and  a  Golay  cell.  The  first  has  a 
size  0.1  mm  x  0.1  mm  and  a  6.2  millisecond  time  constant  and  is 
housed  in  an  evacuated  chamber  having  a  Ge  window  with  a 
spectral  transmittance  given  in  Figure  5-a.  For  this  thermistor  the 
resistance  is  2.42  x  10*  ohm  at  25°C  ;  the  responsivity  is  13,300 
volt  RMS  per  watt  average*  at  40  volt  bias,  provided  that  the  ther¬ 
mal  sink  is  at  25°  C  and  the  signal  from  the  blackbody  at  470°K  is 
square  modulated  at  16  cps.  Furthermore,  the  NEP  is  1.6  x  10~^® 
watt  for  a  bandpass  of  40  cps  (computed).  This  detector  at  the  new- 
tonian  focus  of  the  100-inch  reflector  at  Mount  Wilson  (//5  ;  a  = 
16.2" /mm)  will  have  a  field  of  view  of  1.6"  x  1.6"  and  thus  would 
be  comparable  with  the  atmospheric  seeing.  At  the  prime  focus  of 
the  82-inch  reflector  at  McDonald  (//4  ;  «  =  26.4" /mm),  the 
detector  will  have  a  field  of  view  of  2.5"  X  2.5". 


Fig.  6.  —  Spectral  transmittance  of  ;  a.  Gle  immersion  lens  costed  X/4  at 
10.4  p  on  one  side ;  6.  Ge  window  costed  X/4  at  10  p  on  both  sides.  Window 
diameter  .260  in.  and  .040  in.  thick. 
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The  immersed  thermistor  bolometer  has  a  size  of  0.1  mm  x 
0.1  mm,  5  millisecond  time  constant  and  is  housed  also  in  an  eva¬ 
cuated  chamber  with  a  hemisphere  Ge  lens  mounted  on.  Figure  5b 
gives  the  spectral  transmittance  of  the  lens.  The  resistance  for  this 
thermistor  is  2.39  X  10*  ohm  at  25°C  ;  the  responsivity  is  12,600 
volts  RMS  per  watt  average*  at  46-volt  bias  provided  that  the 
thermal  sink  is  at  25“C  ;  moreover,  the  NEP  is  2  x  10“^®  watt  for 
a  bandpass  of  60  cpa  (computed).  This  detector  for  the  telescopes 
given  in  the  previous  examples  wiU  subtend  fields  of  view  of 
6.4"  X  6.4"  and  10.0"  x  10.0",  respectively. 

When  the  chopper  blade  uncovers  the  blackbody  front  ope¬ 
ning,  the  detector  exchanges  radiation  with  the  target  through  the 
telescope  optics  ;  when  the  chopper  closes  the  front  opening,  the 
detector  exchanges  radiation  with  the  blackbody  cavity.  When  the 
opening  is  closed,  the  reflexion  on  the  other  side  of  the  mirror 
chopper  brings  the  focal  plane  on  the  reticle.  The  following  optical 
train  and  the  36  mm  camera  can  photograph  an  area  of  5'  x  7.6'  of 
the  field  of  view  superimposed  on  the  reticle,  for  a  telescope  scale 
25" /mm. 

The  reticle  has  been  lined  up  previously  so  that  the  intersection 
of  the  reticle  coincides  with  the  position  of  the  detector,  respective 
to  the  image.  A  worm-gear  arrangement  allows  adjustment  of  the 
reticle  along  the  optical  axis. 

The  camera  is  a  35  mm  type,  holds  50  feet  (420  frames)  of  film, 
and  is  operated  by  an  electric  motor.  Every  time  a  picture  is  secured, 
an  electric  pulse  from  the  shutter  is  recorded  on  the  paper  chart 
for  future  identification  of  the  area  under  measurement.  The 
calibration  is  obtained  by  means  of  another  blackbody  that  can  be 
mounted  on  the  front  of  the  pyrometer  ;  it  is  not  shown  in  the  Figure. 
Moreover,  the  temperature  of  this  blackbody  is  raised  by  a  heater, 
and  the  temperature  measure,  by  another  thermistor  thermometer. 

We  have  mounted  in  the  pyrometer  a  bandpass  filter  8.5  [ji- 

(*)  Bolometer  bridge  output  is  half  this  value. 
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12.8  |i  (between  half  pointe)  and  another  bandpass  interference 
filter  8.4  p.-9.3  p  (between  half  points).  The  8.6  (i-12.8  (j.  filter 
consists  of  a  long  wavelength  pass  filter  with  Gle  substrate  .040  in. 
thick  in  a  series  with  a  BaF|  window  giving  a  peak  transmittance 
of  80  %  at  9.0  jx  and  10.4  |x  as  Figure  6b  shows. 


Fig.  0.  —  Spectral  transmittance  of  ;  a.  long  wave  pass  filter.  Qe  substrate 
.040  in.  thick  ;  b.  the  same  in  series  with  BaF(  window  (Kfg.  Optical  Coating 
Lab.,  Inc.,  Calif.,  USA) ;  e.  bandpass  interference  filter,  Irtran-II  with  a 
deposition  of  a  series  of  dielectric  and  semiconductor  layers,  approximately 

in  the  order  of  fifty  (Infrared  Industries,  Inc.,  Massachusetts,  USA). 

The  8.4  p.  —  9.3  p  bandpass  filter  with  an  Irtran-II"'  substrate 
.040  thick  and  a  deposition  of  approximately  60  dielectric  and 
semiconductor  layers  gives  a  peak  transmittance  of  68  %  at  8.6  p 
as  Figure  6c  shows.  The  short  and  long  wavelengths  of  this  filter 
are  at  8.1  p  and  9.8  p,  respectively. 

When  the  thermistor  is  used,  a  preamplifier  will  follow  with  a 

(*)  Irtran-II,  sine  sulfide,  developed  by  Eastman  Kodak  Co.,  Rochester, 
N.Y. 
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Kiy:.  7.  Scan  across  llic  crater  Hercules  usiny:  the  radiation  pyrometer 
model  l-Aat  the  Newtonian  focus  of  the  (il-incli  te|cseo))e  (Aeassi/,  Station). 
Tfie  scan  was  obtained  to  eheck  the  i>yronieter. 


field-effect  transistor  as  a  first  stage.  After  an  attenuator  the  signal 
will  be  fed  to  a  synchronous  rectifier  (transistorized)  which  will 
also  receive  the  reference  signal  from  a  photodiode.  This  stage  will 
be  followed  by  a  DC  vacuum  tube  voltmeter,  an  integrator,  and 
finally  a  Sanborn  recorder. 

The  signal  from  the  attenuator  can  also  be  fed  to  an  AC  vacuum 
tube  voltmeter  followed  by  the  Sanborn  recorder.  Provisions  are 
made  to  feed  the  output  signal  instead  to  the  paper  chart  recorder 
to  a  magnetic  tape  recorder  with  a  rather  wide  bandpass  for  more 
flexible  data  reduction.  The  electronics  are  being  completed. 

An  experimental  pyrometer  labeled  Model  1-A  using  a  Colay 
cell  as  a  detector  and  a  Ge  filter  has  been  the  basis  of  the  design  of 
the  equipment  described  above.  Mr.  Anthony  Burke  secured  several 
lunar  scannings.  A  scan  of  the  crater  Hercules  was  secured  with 
this  pyrometer  on  September  26,  1961  (see  Figure  7).  This  scan  was 
obtained  at  the  newtonian  focus  of  the  61 -inch  telescope  at  Agassiz 
Station  for  the  purposes  of  checking  the  equipment.  The  recording 
was  not  reduced  at  the  time  because  of  lack  of  good  optical 
filtering  and  because  of  the  high  amount  of  precipitate  water  in 
the  path. 
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21.  -  PLANS  FOR  PLANETARY  OBSERVATIONS 
WITH  STRATOSCOPE  II 

Kobisbt  E.  DAXIELSON 
Prhiceton  Univemity  Observatory 
Pritu'eton,  New  Jersey,  U.  S.  A. 


Stiato.scope  II  is  a  i)alloon-l)orne  telescope  which  will  have 
high  resolution  photography  of  the  planets  as  one  of  its  goals. 
A  model  of  this  instrument  is  shown  in  figure  1 .  The  height  of  the 
instrument  is  about  2r)  feet  and  its  weight  is  about  3  tons.  The 
primary  optical  element  is  a  36-inch  fused  silica  mirror. 

Since  the  theoretical  resolution  of  this  mirn)r  is  nearly  0.1 
second  of  arc,  it  is  clear  that  the  i>ointing  system  must  have  an 
accuracy  which  is  considerably  better  than  0.1  second  of  arc  in 
order  to  fully  utilize  the  capat)iliti(“s  of  the*  mirror.  The  pointing 
will  take  {)lace  in  two  stages.  Fir.st.  the  mitire  telescope  (the  L 
shapt'd  jiart  consisting  of  the  main  tube  and  the  side  arm)  will  be 
pointed  with  an  accuracy  of  one  or  two  seconds  of  arc  by  a  three- 
axis  pointing  system.  One  of  the.se  axi's.  the  azimuth  axis,  turns  on 
a  mercury  float  bearing  :  the  entire  telescope  floats  on  a  layer  of 
mercury  about  a  millimeter  thick  in  order  to  eliminate  much  of  the 
friction  present  in  ordinary  bearings.  The  other  two  axes  are  ortho¬ 
gonal  and  turn,  over  a  limit<*d  range  of  ^  5°,  on  flexure  bearings. 
When  these  flexure  bearings  reach  the  end  of  their  range,  the  teles¬ 
cope  is  turned  on  ordinary  bearings  until  the  flexure  bearings  are 
centered.  A  shutter  temj>orarily  interrupts  the  exposure  during  this 
centering.  Second,  the  Anal  pointing  is  accomplished  by  an  image 
stabilization  system  (see  figure  2)  which  is  designed  to  keep  the 
image  fixed  cm  the  photographic  plate  to  better  than  0.03  seconds  of 
arc. 

The  signals  for  the  pointing  system  are  provided  by  two  guide 
stars  located  within  25  minutes  of  arc  of  the  region  to  be  photo¬ 
graphed.  These  (9th  magnitude  or  brighter)  guide  stars  are  detected 
by  the  two  retrodividers  located  in  the  //50  plane.  Each  retrodivider 
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splits  the  light  of  one  of  the  guide  stars  into  four  parts  and  reflects 
this  light  on  to  four  photomultiplier  tubes.  (Only  one  set  of  photo¬ 
multiplier  tubes  is  shown  in  figure  2  for  simplicity.)  The  amount 
of  signal  on  each  of  the  four  photomultiplier  tubes  depends  on  how 
well  the  guide  star  is  centered  on  the  retrodivider.  One  of  the 
retrodividers,  the  translational  retrodivider,  provides  the  signals 
for  the  transfer  lens.  If  the  translational  guide  star  is  not  centered 
on  its  retrodivider,  then  the  transfer  lens  will  move  so  as  to  center  it. 
The  frequency  response  of  the  transfer  lens  is  about  20  c/sec.  The 
average  displacement  of  the  transfer  lens  from  its  neutral  position 
and  the  miscentering  of  the  rotational  guide  star  on  the  rotational 
retrodivider  provide  the  signals  for  the  main  servo  system  which 
points  the  entire  telescope. 


Stratoscope  II,  like  Stratoscope  I,  will  be  operated  at  altitude 
by  means  of  television,  telemetry,  and  radio  command  (Wissinger 
1961).  Two  RCA  image  orthicon  television  cameras  are  used  to 
find  the  region  of  interest  and  to  lock  the  servo  system  on  to  the 
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guide  stars.  One  of  these  cameras,  having  a  field  of  view  of  10° 
in  diameter,  will  be  used  in  conjunction  with  .  magnetic  compass 
reading  to  locate  the  region  of  the  sky  where  the  object  to  be 
photographed  is  located.  The  other  television  camera  (the  fine 
television  —  see  figure  2)  looks  through  the  entire  optical  system 
of  the  telescope  at  the  50  minute  of  arc  diameter  field  of  view 
containing  the  retrodivider.s. 

The  region  to  be  photographed  is  the  central  portion  of  this 
50  minute  of  arc  diameter  field  of  view.  This  region  is  2  minutes 
of  arc  square  which,  at  f/100,  corresponds  to  a  50  mm  square  photo¬ 
graph.  An  /  ratio  as  large  as  100  is  necessary  so  that  the  resolving 
power  of  the  telescope  is  not  lost  in  the  grain  of  the  photographic 
plate.  Seventy  millimeter  lOIJaO  film  will  be  used. 

Planets  will  be  the  first  photographic  objects  attempted 
because  their  exposure  times  at  f/100  are  relatively  short  —  of 
the  order  of  a  second.  Four  different  filters  will  be  available  by 
radio  command.  This  will  make  it  possible  to  photograph  the  planets 
in  B  and  V  colors  as  well  as  in  the  entire  4000  A  —  6000  A  wave¬ 
length  interval  in  wliich  the  optics  are  corrected.  Furthermore,  it 
will  be  possible  to  obtain  photographs  in  polarized  light  by 
commanding  a  polaroid  filter. 

When  this  very  complicated  instrument  is  perfected,  it  will 
allow  photographs  of  i)lanetary  details  on  a  scale  which,  up  to  the 
present,  has  only  been  glimpsed  by  visual  observers.  Indeed,  when 
one  considers  detail  of  low  contrast,  it  is  possible  that  Stratoscope  II 
will  e\cntually  photogra[>h  details  which  have  not  been  seen 
visually.  Besides  the  obvious  gains  of  higher  resolution  on  the 
bright  planets,  many  other  objects  of  the  solar  system  will  come 
within  photographic  resolution.  These  include  Uranus,  Neptune, 
Pluto,  the  larger  asteroids,  and  several  of  the  satellites  of  the 
Major  Planets.  Time  sequences  up  to  8  hours  (a  night’s  fiight)  will 
be  possible. 

It  is  clear  that  Stratoscope  II  has  capabilities  for  infra-red 
spectroscopy  as  well  as  high  resolution  optical  photography.  The 
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reason  is,  of  course,  tliat  it  is  a  relatively  large  instrument  which, 
at  altitude,  will  be  above  all  but  about  0.03  of  the  carbon  dioxide 
and  about  O.UOl  of  the  water  vapor  in  the  earth’s  atmosphere. 

At  Princeton,  we  (Dr.  Schwarzschild  —  the  project  director. 
Dr.  Bahng,  Dr.  Woolf,  and  myself)  had  plan.s  to  make  infra-red 
observations  with  Stratoscope  II  after  a  few  successful  optical 
flights.  These  plans  were,  however,  greatly  accelerated  as  a  result 
of  a  proposal  from  Dr.  Weaver  and  Dr.  Sagan  of  the  University  of 
California  at  Berkeley.  They  essentially  proposed  that  Stratoscope 
II  be  used  at  the  lU'.vt  (February  1963)  oppo.sition  of  Mars  for  infra¬ 
red  ob.ser\ations  similar  to  those  j)lanned  for  the  1964  Mars  flyby 
and  that  they  juovide  the  infra-red  equipment. 

Basically  this  infra-red  e(iui]iment  consists  of  a  calcium  fluoride 
])rism  .sj)eetr( (graph  (Littrow  moimting)  oj)erating  b.  ween  1  g  and 
7.5  |jL,  The  re.solution  varies  with  wavelengtii  .  a  lyjiieal  value  is 
0.04  |x  at  5  a.  A  new  highly  sensitive  bolometer  (Low  1961)  will 
be  o)>erate<l  at  2'’K  which  is  the  temperature  of  liquid  helium  at 
the  ballcHiji  altitude  of  24  km,  .\t  this  tem])erature.  the  detectors 
and  a.ss((eiated  electronics  jroduee  a  .signal  to  noise  ratio  of  unity 
if  an  infra-red  ])ower  of  2  lo  watts  is  integrated  for  one  second. 
It  apjK'ars  that  mo.st  of  the  noi.se  does  not  come  from  the  detector 
luit  rather  fnmi  the  detector  ](re-am])iitier.  This  preamplifier  noise 
is  ab((ut  an  order  (d  magnitude  greater  than  the  background 
radiation  noi.se.  With  this  sensitivity,  signal  to  noi.se  ratios  in  excess 
of  20  are  expected  on  Mars  during  each  20  minute  scan  of  the 
la  7.5  a  wavelength  interval. 

A  measurement  of  the  amount  of  water  vapor  on  Mars  is  the 
minimum  goal  of  the  first  infra-red  flight.  The  present  upper  limit 
for  water  vapor  is  3.5  10  ®gm/cm''‘  (Sagan  1961).  The  water 

vapor  abundance  in  the  earth’s  atmosphere  above  24  km  is  believed 
to  be  of  the  order  of  10'®  gm/cm“  (Murcray,  Murcray,  and  Williams 
1962).  Since  10“®  gm  cm^  of  water  vapor  on  Mars  would  cause 
an  absorption  of  several  per  cent  in  the  6  g  region,  it  should  be 
possible  to  detect  water  vapor  abundances  of  this  magnitude. 
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Comparison  spectra  of  the  sky  near  Mars  and  of  the  Moon  will  be 
taken  to  help  eliminate  effects  of  terrestrial  water  vapor. 

Other  goals  of  this  infra-red  flight  will  be  to  search  for  evidence 
of  organic  matter  on  Mars  similar  to  the  features  near  3.5  g  which 
Sinton  (1959)  has  identified  as  C-H  vibration  absorptions.  Related 
emissions  from  other  organic  bonds  should  be  detected  in  the  6  g 
region  if  the  amount  of  Martian  water  vapor  is  not  too  high  (Sagan 
1961).  Further  goals  are  searching  for  minor  constituents  in  Mars’ 
atmosphere  and  checking  the  carbon  dioxide  abundance. 

At  the  time  of  this  writing  (Julj-  1962),  Stratoscope  II  has 
been  assembled  at  the  Perkin-Elmer  Corj)oration  and  is  in  the 
process  of  alignment  and  testing.  Reassembly  of  the  instrument 
will  begin  on  about  October  1  at  the  NCAR  balloon  launching 
center  at  Palestine.  Texas  in  ])rej)aration  for  the  Mars  infra-red 
flight. 

Hence  the  first  Stratoscope  II  flight  will  not  he  an  optical 
flight.  This  has  the  advantage  that  it  is  not  necessary  to  ])re-cool 
the  primary  mirror  sinc«'  neither  the  figure  of  the  primary  mirror 
nor  the  local  disturbance  in  seeing  caused  by  the  instrument  is 
critical.  .\!so.  the  image  stabilization  portion  of  the  pointing  system 
is  not  needed.  Thus  the  infra-red  flight  offers  the  opj)ortunity  to 
test  Stratosco[H'  II  under  considerably  sim])ler  requirements  than 
an  optical  flight  and  still  have  a  good  opportunity  to  obtain  extre¬ 
mely  valuable  ob.servationa.  The  main  complication  which  the  infra¬ 
red  equipment  produces  is  the  necessity  to  fly  liquid  helium. 

One  should  be  reminded,  however,  that  Stratoscope  II  is  an 
extremely  complicated  instrument  incorporating  many  new  engi¬ 
neering  features.  The  size  and  weight  of  the  instrument  is  such 
as  to  require  the  development  of  new  ballooning  techniques.  Hence 
it  is  possible  that  the  initial  difficulties  will  be  more  severe  than  with 
Stratoscope  I.  However,  the  observational  results  w  hich  can  be 
obtained  when  Stratoscope  II  is  yierfected  are  so  important  as  to 
w  arrant  these  additional  difficidties. 

Project  Stratoscope  of  Princeton  University  is  sponsored  by 
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the  following  United  States  Agencies  :  The  Office  of  Naval  Research, 
The  National  Science  Foundation,  and  the  National  Aeronautics 
and  Space  Administration. 
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NOTE  ADDED  IN  PROOF 

At  the  time  of  this  proof  (Dec.  26,  1962),  Stratoscope  II  has  been 
reassembled  at  Palestine,  Texas  and  the  infra-red  equipment  has  been 
integrated  into  the  telescope.  An  infra-red  spectrum  of  a  test  source  has  been 
obtained  while  the  telescope  pointed  at  the  source.  Infra-red  observations 
of  Mars  from  the  ground  will  be  made  during  January  in  preparation  for 
the  actual  balloon  flight  in  February. 
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DISCUSSION  DBS  COMMUNICATIONS  6  k  22. 


J.  RdsOH  (6),  —  DoUfus  indique  6", 63  ±  0,07  oonune  moyenne  deB 
mesurea  du  diam^tre  de  Mercure  le  7  novembre  1960.  Cette  moyenne  com- 
prend  des  mesurea  faites  au  micrometre  h,  double  image.  Dans  la  diacuaeion 
de  nos  meaiues  faites  par  la  methods  photometrique  de  Hertzprung,  nous 
indiquerons  pourquoi  nous  pensons  que  la  valeur  plus  eievee  que  nous  trou- 
vons  nous  parait  devoir  etre  retenue. 

S.  I.  Rasooi.  (6).  —  Avez-vous  dejk  analyse  lea  photographies  de 
Venus  en  ultraviolet  afin  de  determiner  les  vitesses  de  mouvement  dee 
nuages? 

A.  Dollfus  (6).  —  Aveo  lee  quelquee  cbches  dont  nous  disposons  je 
ne  peux  pas  vous  donner  un  chiffre.  Ce  travail  est  en  cours  et  nous  esperons 
avoir  des  resultats  tres  bientOt. 

F.  Lxnk  (6).  —  £n  ce  qui  concerns  la  collaboration  internationals  dans 
le  domains  de  la  Commission  16  (Planetes)  de  I’U.A.I.,  il  serait  souhaitable 
d’organiser  des  observations  de  la  Lune  &  I’occasion  de  prochainee  tentativee 
d’atteindre  notre  satellite.  II  faudrait  preparer  le  programme  d’observation 
qui  serait  declenche  automatiquement  par  I’annonce  du  lancement,  k  la 
Radio. 

A.  Dollfus  (6).  —  Avant  d’organiser  une  telle  cooperation,  il  serait 
desirable  de  fairs  un  eondage  pour  connaitre  le  nombre  d’observateurs  qui 
deeireraient  participer  &  un  tel  programme.  Si  le  Professeur  Link  veut  bien 
se  charger  d’une  telle  tache,  il  serait  alors  plus  facile  ensuite  d’organiser 
cette  cooperation. 

J.  C.  Pecker  (7).  —  How  is  it  possible  to  disentangle  the  depth-variation 
from  the  anisotropic  properties  of  particles,  in  observed  phenomena  (such 
as  limb-darkening)? 

W.  M.  Ibvike  (7).  —  For  a  homogeneous  atmosphere  a  variation  of 
optical  thickness  can  produce  photometric  effects  similar  to  those  arising 
from  a  variation  of  asymmetry  factor.  Ideally  these  effects  could  be  sepa¬ 
rated  by  an  examination  of  the  limb  darkening  curve,  but  in  practice  it 
may  be  difficult.  VVe  have  not  yet  computed  enough  examples  for  large 
asymmetries  to  bo  able  to  make  a  definite  statement.  Fortunately,  spectro¬ 
scopic  and  polarimetric  data  may  often  provide  clues  to  supplement  the 
photometric  results. 

A  variation  with  depth  of  the  structure  of  the  atmosphere  (Section  VI,  e), 
as  will  generally  occur  in  actual  cases,  makes  the  situation  even  more  com¬ 
plicated.  We  have  not  examined  this  problem,  but  I  believe  Dr.  Uoldstein 
will  have  something  to  say  on  the  subject  tomorrow. 

E.  J.  Opik  (10).  —  Opik’s  value  for  the  optical  depth  of  Rayleigh 
scattering  above  Jupiter’s  clouds,  t  =  0.26,  refers  to  3900  A  and,  with  X~‘, 
is  almost  exactly  equivalent  to  t  =  0.06  assigned  by  Gehrels  for  the  equa- 
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torial  belt  at  5600  A.  Opik  considered  t  to  be  very  large  in  the  dark  bands, 
which  also  would  agree  with  the  value  given  by  Gehrels  for  the  dark  polar 
caps. 

E.  J.  OprK  (11).  -  -  Triple  collisions  CH,  f  Hj  -r  Z  CH,  f  Z  would 
prevent  C'Hj  from  accumulating  except  in  the  uppermost  atmospheric 
layers.  Its  total  amount  may  be  too  small  in  the  atmospheres  of  the  giant 
planets  to  be  detectable. 

L.  Dt:NKKt..M.'tN  (12).  In  determining  the  «  monochromatic  reflecti¬ 
vities  »  of  the  four  planets  (Jupiter.  Saturn,  L’ranus  and  Neptune)  from  the 
observed  rcspocti\e  «  monochromatic  spectral  energy  distributions  »,  it 
would  bo  preferable  to  use  a  solar  energy  distribution  with  a  spectral  reso¬ 
lution  comparabh'  to  what  was  observed  with  the  Mt.  Wilson  60-inch 
telescope  planetary  measurements.  It  is  recommended  that,  particularly 
from  4000  A  to  3000  A,  the  Mt .  Lemmon  Solar  data  be  used  instead  of  the 
Smithsonian.  Hcfer  to  L.  Dunkelman  and  H.  Scoluik,  ./.  Opt.  S'oc.  Am.  49, 
.‘$56  (1959). 

(’.  S.A<;.\N  (13).  -  Dr.  Brandt’s  conclusion  that  a  source  of  true  absorp¬ 

tion  exists  at  2S00  .\  on  .Tupiter  is  most  interesting.  The  presmtly  detected 
constituents  of  the  Jovian  atmosj)here  —  hydrogen,  helimn.  methane  and 
atnmnnia  •  -  are  all  transparent  in  the  gaseous  phase  at  this  wavelength. 
Experiments  have  been  ])erfonned  in  which  energy  is  3up{)lied  to  a  mixture 
of  such  gases  in  a  simidated  Jovian  atmosjihere  ;  the  major  produtds  include 
hyilrogen  cyanide,  methyl  eyanide,  acetylene,  ethane  and  ethylene  (C. 
Sao.vn  and  S.  L.  Mii.i.kk,  .lulnniomicnl  .iDurnnl.  65,  499,  1960).  None  of 
these  molecules  have  absorption  features  in  the  gaseotis  state  at  2800  A. 
Molecide-.  which  are  capable  of  absorbing  at  this  wavelength,  such  as  alde¬ 
hydes  and  ketones,  refpiire  water  as  a  ])hotocbemical  precursor  --  but 
water  is  not  a  constituent  of  thc“  Jovian  atmosphere  above  the  cloud  deck. 
Therefore,  the  possibility  arises  that  the  infrared  absorption  exists  in  the 
cloud  layer  itself. 

The  most  likely  composition  of  the  clouds  is  ammonia  cirrus.  (G.  P. 
Ki  rPKK,  Almihtphcre.’i  of  Ote  Earth  am!  Flatlets,  revised  edition.  University 
of  Chicago  Press,  Chicago,  Chapter  12,  19.-)2).  It  has  been  known  for  many 
years  that  absorption  of  gaseous  aimuonia  on  a  variety  of  substrates  .shifts 
its  photolyti<’  threshold  to  longer  wavelengths.  (See,  for  example.  K.  Kass- 
p.vnov  and  A.  Tkrenin.  Acta.  Fhtjs.  Chhn.  V.R.S.S..  15,348,  1941).  It  may 
therefore  be  that  the  absorjrtion  at  2800  A  inferred  by  Brandt  arises  from 
ga.ses  ab-sorbed  in  the  .Jovian  clouds. 

G.  F.  S<'Kit,i,iN<j  (17).  —  In  applying  your  diffusion  flux  equation  to 
Mars,  how  wotdd  you  define  the  altitude  of  the  mesopause?  Where  photo- 
di8.sociation  and  heating  begin  to  occur? 

M.  Xit’OLET  (17).  ~  In  the  equation,  two  ])arameters  depend  on  the 
altiPido  :  (r/r,)>  and  T'/a.  Therefore,  it  is  not  necessary  to  know  exactly 
the  altitude  of  the  mesopause.  If  0.95  4:^  (r/r„)“  and  T  =  200"K,  no  large 
error  is  involved.  Photodissociation  and  heating  must  begin  above  the 
mesopause. 
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B.  SJ’PX’IAL  PAPERS 
ON  THE  SUC'CESSn'E  PLANETS 


22.  ^  PARTICULATE  MATTER  IN  THE  ATMOSPHERES 
OF  THE  TERRESTRIAL  PLANETS 


Michael  H.  BRIGGS 

Department  of  Geology,  Victoria  Univeraity  of  Wellington, 

New  Zealand 

In  this  paper  the  term  « particulate  matter  »  is  applied  to  any 
non-gaseous  atmospheric  constituent. 

Introduction 

Atmospheric  hazes  have  been  reliably  reported  to  obscure 
surface  features  of  all  the  inner  planets.  In  this  paper  a  discussion 
will  be  presented  on  the  available  evidence  for  the  composition  of 
the  hazes  of  each  of  the  inner  planets,  and  it  will  be  shown  that 
it  is  exceedingly  likely  that  each  planet  has  a  variety  of  different 
hazes  and  that  there  are  few  in  common. 

It  is  apparent  that  the  hazes  of  the  terrestrial  atmosphere  are 
the  most  easily  investigated  and  a  comparison  of  the  properties  of 
these  with  the  hazes  of  the  other  planets  seems  a  profitable  ap¬ 
proach.  It  wiU  also  be  shown  that  a  knowledge  of  the  hazes  of 
other  planets  can  afford  valuable  evidence  concerning  the  origin 
of  terrestrial  hazes. 

Terrestrial  Atmospheric  Hazes 

A  surprisingly  large  number  of  different  types  of  particulate 
matter  occur  in  the  atmosphere  of  Earth.  The  most  abundant  of 
these  are,  of  course,  water  and  ice  clouds.  However,  there  are  nume¬ 
rous  others  ;  for  example,  it  has  often  been  reliably  reported  that 
over  large  uninhabited  tracts  of  the  Earth’s  surface,  which  possess 
dense  vegetation,  abundant  blue  hazes  commonly  can  be  seen.  The 
nature  of  these  hazes  has  been  the  subject  of  some  discussion,  but 
it  now  appears  (Went,  1960)  that  the  hazes  are  composed  of  volatile 
essential  plant  oils,  probably  largely  terpenes  or  other  isoprene 
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derivatives.  Hence,  the  low-lying  hazes  over  some  terrestrial 
regions  are  biogenic  in  origin  and  estimates  on  the  amount  of  these 
volatile  oils  released  annually  into  the  Earth’s  atmosphere  give 
values  of  about  10  tons.  It  is  apparent,  therefore,  that  if  vegetation 
similar  to  Earth’s  occurs  on  other  planets,  blue  hazes  composed  of 
biogenie  hydro-carbons  are  likely  to  occur. 

There  is  considerable  special  evidence  of  the  presence  of  metals 
in  appreciable  quantities  in  the  Earth’s  upper  atmosphere.  There  is 
good  evidence  (Bates,  1960)  of  free  sodium,  lithium  and  ionized 
calcium  and  magnesium.  The  sodium  appears  to  be  confined  to 
a  thin  layer  about  14  kilometres  thick  at  an  altitude  of  approxi¬ 
mately  S5  kilometers.  The  total  amount  of  sodium  atoms  above 
70  kms  is  of  the  order  of  10®  atoms  ))er  centimetre®.  Moreover,  this 
is  a  minimal  value  representing  only  the  neutral  atomic  fraction. 
The  total  amount  of  sodium  in  the  Earth’s  entire  atmosphere  is 
probably  of  the  order  of  several  tons.  The  origin  of  this  material, 
however,  is  still  obscure  and  possible  sources  are  salt  from  the 
oceans,  dust  I'rom  volcanoes  or  meteors.  In  a  recent  ])aper,  Junge, 
et  al.  (1962)  have  di.scussed  this  problem  and  conclude  that  meteors 
and  micrometeorites  are  the  most  likely  sources.  It  will  consequently 
be  of  great  interest  to  determine  whether  sodium  occurs  in  similar 
amounts  in  the  atmosj)heres  of  any  of  the  other  inner  planets.  The 
absence  of  sodium  in  the  Martian  atmosphere,  for  exam[)le,  would 
be  strong  evidence  against  an  extraterrestrial  origin. 

Lithium  is  present  also  in  a  broad  layer  of  mean  height 
ajjproximately  85  kilometres  (Delannoy  and  W’^eill,  1958)  ;  the 
concentration,  however,  is  considerably  less  than  that  of  sodium 
and  estimates  put  the  total  Earth’s  atmospheric  lithium  at  about 
500  grams  (see  Gadsden  and  Salmon,  1958).  Again,  there  is  no 
certainty  concerning  the  origin  of  this  material,  which  could  equally 
have  arisen  from  any  of  the  sources  suggested  for  sodium,  though 
there  is  the  alternative  possibility  that  it  is  a  relic  of  nuclear  explo¬ 
sions,  as  lithium  was  not  reliably  reported  in  the  Earth’s  atmosphere 
before  1957. 
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The  calcium-containing  layer  of  the  Earth’s  atmosphere  is 
considerably  higher  than  that  for  the  two  other  metals,  being  above 
135  kilometres.  Estimates  of  the  total  abundance  (Jones,  1958) 
gave  values  of  approximately  200  kilograms  of  ionized  calcium  in 
the  entire  atmosphere.  Considering  the  height  of  the  layer,  it  seems 
likely  that  the  calcium  is  of  meteoric  origin,  for  it  is  known  to 
increase  considerably  when  the  Earth  passes  through  n  eteor 
swarms.  However,  it  is  also  possible  that  some  is  derived  from 
intense  solar  flares.  It  seems  extremely  likely  that  the  ionized 
calcium  is  in  equilibrium  with  CaO,  which  presumably  is  continually 
deposited  on  the  Earth’s  surface. 

Evidence  for  ionized  magnesium  comes  from  mass  spcctro- 
graphic  data  from  high  altitude  rockets.  The  height  of  the  layer  was 
1(10  to  110  km.,  and  the  total  number  of  ions  was  7  <  10“cm-^ 
column  (Istomin,  1961). 

There  is  also  the  possibility  of  minor  hazes  of  the  Earth  due 

to  nitrogen  oxides.  The  Earth’s  atmosphere  contains  several 

» 

oxides  of  nitrogen  ;  nitrous  oxide  is  probably  a  ]>ermanent  atmos¬ 
pheric  constituent  i»resent  to  an  extent  of  about  .a  parts  per  million 
and  it  may  ari.se  through  either  interactions  of  nitrogen-fre^e  radi¬ 
cals  with  nitrogen  die  .’  le  (X  -  NOj  ^  XjO  -  0),  or  be  a  product 
of  soil  micro-organisms.  V','’dle  a  gaseous  constituent,  nitrous 
o.xide  probably  influence's  the  coii  'itration  of  other  oxides  which 
are  not.  Nitrogen  dio.xide  is  now  known  ‘o  be  formed  continually 
in  the  dark  hemisjihere  of  the  Earth  from  nine-  oxide  (Harteck, 
1957),  the  day-time  concentration  of  nitric  oxide  having  been 
estimated  (Kistiakowsky  and  Volju,  1958)  at  about  10^  molecules 
per  centimetre®  at  an  altitude  of  85  kilometres.  This  value  is 
somewhat  less  than  that  estimated  by  earlier  workers  (e.  g.  Nicolet, 
1949).  Nitrogen  dioxide  has  a  m.  p.  of  —  9°C  and  a  b.  p.  of  2loC. 
Tt  is  consequently  a  particulate  constituent  of  the  upper  atmosphere. 

Other  terrestrial  hazes  are  produced  by  weathering  of  the 
Earth’s  solid  surface.  There  is  now  considerable  evidence  of  the 
continuous  presence  of  large  quantities  of  dust  particles  (see  Hulst, 
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1952)  which  are  probably  largely  of  silicate  composition.  Hazes 
close  to  the  surface  are,  of  course,  formed  frequently  by  dust  and 
sand  storms. 

It  is  apparent,  therefore,  that  the  Earth  possesses  a  wide 
variety  of  chemically  different  atmospheric  particulate  materials. 
In  summary,  these  are  :  —  water  and  ice,  biogenic  hydro-carbons, 
free  metals,  nitrogen  dioxide,  the  products  of  silicate  weathering. 

Mercury 

Examinations  of  the  spectrum  of  Mercury  taken  at  Mt.  Wilson 
by  Adams  and  Dunham  ( 1 932),  both  of  the  8000  A  region  and  in  the 
blue,  were  unable  to  detect  any  absorption  bands  or  lines  due  to  an 
atmosphere.  Consequently  it  is  a  reasonable  conclusion,  taking 
into  account  the  low  surface  gravity  and  high  temperature,  that 
there  is  no  permanent  abundant  atmosphere  round  Mercury. 
However,  several  observers  of  the  planet  have  occasionally  reliably 
reported  (Antoniadi,  1932)  temporary  obscurations  of  the  perma¬ 
nent  surface  markings.  The  nature  of  the  hazes  causing  these 
obsc  'ances  is  still  completely  unknown.  Moreover,  there  have 
been  no  accurate  measurements  of  their  physical  properties.  Urey 
and  Brewer  (1957)  have  suggested  that,  under  certain  circumstances, 
accumulations  of  various  free  radicals  could  occur  over  the  Mercu¬ 
rial  surface  and  account  for  the  hazes.  This  is  certainly  a  likely 
possibility  —  however,  there  are  undoubtedly  alternatives.  For 
example,  the  presence  of  active  volcanoes  on  the  Mercurial  surface 
is  not  impossible,  and  this  could  lead  to  the  production  of  volcanic 
out-gassings  containing  sulphur  compounds  which  could  form  a 
temporary  atmosphere  and,  moreover,  would  give  rise  to  hazes, 
possibly  due  to  the  interaction  of  reduced  and  oxidised  sulphur 
compounds,  to  form  minute  sulphur  particles.  A  further  alternative 
is  that  radio-active  heating  produced  in  the  Mercurial  crust  by 
heterogenous  distribution  of  radio-active  elements  such  as  potas¬ 
sium  or  uranium  could  give  rise  to  local  heating  and  decomposition 
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of  materials  which  would  be  released  occasionally  as  a  small  explo¬ 
sion,  in  which  case  some  of  the  reported  hazes  could  be  fragmented 
surface  materials. 

On  the  whole,  however,  it  seems  most  likely  that  the  Mercurial 
hazen  are  fluoresoent-free  radicals  or  volcanic  sulphur. 

Venus 

The  atmosphere  of  Venus  is  completely  opaque  and  no  surface 
features  have  ever  been  reliably  observed.  Estimates  of  the  height  of 
the  clouds  have  been  made  by  a  variety  of  methods  (Sagan,  1961), 
and  it  would  appear  that  there  are  two  distinct  cloud  layers,  on  at 
about  100  kilometres  from 'the  surface  and  second,  denser  layer 
at  30-40  kilometres. 

The  upper  atmospheric  haze  is  certainly  of  different  physical 
and  chemical  composition  to  the  lower.  Attempts  to  investigate 
its  nature  have  proved  largely  unsuccessful,  and  possibly  the  sug¬ 
gestion  of  Kuiper  (1957)  that  it  is  composed  of  polymerised  carbon 
sub-oxidi  formed  from  atmospheric  carbon  dioxide,  which  is 
known  to  be  present  in  large  quantities,  is  the  most  likely.  A  new 
suggestion  is  that  of  Hayden  et  al.  (1959)  who  have  reported  the 
presence  of  a  broad  continuum  in  the  near  U\^  spectrum  of  Venus, 
which  they  ascribe  to  nitrogen  tetroxide.  They  have  consequently 
suggested  that  this  material  is  the  major  component  of  the  upper 
atmosphere  haze.  However,  this  suggestion  seems  extremely’ 
unlikely  as  nitrogen  tetroxide  is  readily  dissociated  by  radiation 
of  wavelength  less  than  3000  A,  with  the  liberation  of  free  oxygen. 
As  this  gas  is  undetectable  in  the  Venusian  atmosphere,  the  presence 
of  nitrogen  tetroxide  seems  most  improbable,  and  the  spectral 
features  must  arise  from  some  stiU  unidentified  substance. 

The  lower  atmosphere  clouds  have  been  the  subject  of  conside¬ 
rable  controversy.  The  only  agreement  at  present  is  that  they  are 
slightly  yellow  in  colour  and  probably  are  present  in  an  atmosphere 
of  mean  temperatme  about  260OK.  However,  there  is  now  strong 


256 


evidence  from  micro-wave  determinations  (Sagan,  1961)  that  the 
surface  temperature  of  Venus  is  approximately  600°K  and  conse¬ 
quently  it  seems  exceedingly  likely  that  any  satisfactory  hypothesis 
of  the  lower  cloud  layer  (composition)  must  account  for  this  high 
surface  temperature. 

The  materials  suggested  as  the  major  constituents  of  these 
clouds  are  as  follows  :  polymerised  formaldehyde  (Wildt,  1937), 
ammonium  nitrite  (Dauvilher,  1958),  volatile  hydrocarbons  (Hoyle, 
1955),  high  molecular  weight  hydrocarbon  polymers  (Wilson,  1960), 
micro-organisms  (Kozyrev,  1956),  water  droplets  (Menzel  and 
Wliipi)le,  1955),  silica  particles  (Kuiper,  1952),  sodium  and  magne¬ 
sium  chlorides  (Siiess,  quoted  by  Kuii)er,  1952),  calcium  and  magne¬ 
sium  carbonates  (Opik.  19()1),  volatile  low  molecular  weight 
organic  conqxuinds  (Briggs.  1959). 

To  decide  between  these  alt(*rnate  hypotheses  is  not  easy  on 
the  slender  ex[»erimental  evidence  available  ;  however,  it  is  fairly 
d}iparent  that  some  volatile  material  must  he  involved.  This  could 
be  water,  but  the  lack  of  major  absorption  lines  due  to  water  va])Our 
in  the  spectrum  of  ^'enus  must  be  accounted  for.  The  traces 
detected  by  Strong,  d  (196(»)are  obviously  insufficient  to  account 
for  the  clouds.  Moreover.  Kozyrev  (1954)  has  reported  the  presence 
of  .several  absorption  bands,  including  ones  at  4372  and  4120  A,  that 
are  probably  due  to  components  of  the  clouds.  In  a  recent  paper, 
Opik  (1961)  has  argued  that  the  high  surface  temperature  of  V'enus 
cannot  be  entirely  acf  ounted  for  in  te^"  is  of  a «  radiative  glasshouse  » 
effect,  and  must  be  due  mainly  to  frictional  heating  arising  from 
interaction  of  the  clouds  with  the  surface.  Consequently,  he  con¬ 
cludes  from  the  CO.^  content  and  optical  properties  that  only  calcium 
and  magnesium  carbonates  are  likely  major  components.  These 
materials,  however,  are  involatile,  nor  could  they  give  rise  to  the 
reported  absorption  bands  in  the  spectrum.  If  Opik’s  approach  is 
valid,  possibly  the  most  likely  materials  are  a  mixture  of  finely- 
ground  inorganic  salts  with  adsorbed  volatile  low-molecular 
weight  organic  materials. 


The  origin  of  the  organic  matter  is  abiogenic.  It  seems  likely 
that  the  Venusian  atmosphere  has  undergone  as  marked  chemical 
changes  from  its  original  state  as  has  Earth’s.  As  the  primitive 
atmospheres  of  all  the  inner  planets  were  presumably  of  similar 
composition,  i.  e.,  methane,  ammonia,  water  vapour,  etc.  (Urey, 
1952)  it  seems  probable  that  these  gases  were  converted  on  all 
planets  to  a  mixture  of  organic  compounds  by  the  action  of  solar 
radiation  and  electrical  discharges.  On  Earth  these  compounds 
were  the  precursors  of  life,  but  on  \’enu8,  with  a  high  surface 
temperature,  the  materials  would  simply  volatilise  and  recondense 
in  col.ler  regions,  and  could  well  form  permanent  layers  in  the 
atmos])here. 

The  [U'esence  of  two  distinct  hazes  in  the  atmosphere  of  V’enus 
is  well-e.stablished,  but  the  chemical  composition  of  either  is  very 
much  in  doubt  and.  with  the  pre.sent  lack  of  data  on  the  physical 
and  cliemical  constituents  of  the  planet’s  atmosphere,  it  is  only 
possible  to  construct  hy]>othetical  model  .systems,  such  as  the  one 
outlined  above. 


.M.vks 

The  composition  of  the  Martian  atmosphere  is  still  largely  in 
doubt.  The  po.s.sible  extreme  ranges  of  atmos})heric  conditions  have 
been  summarized  recently  by  Schilling  (1962).  The  probable 
composition  of  the  atmo.sphere  has  been  recently  reviewed  (Briggs 
and  Revill,  I960).  The  only  gas  for  which  there  is  conclusive 
evidence  is  carbon-dioxide  ;  however,  it  is  likely  that  nitrogen  is  the 
other  major  constituent.  A  mixture  of  95-96  niti’Ogen,  4-5  % 
argon  and  0.03  %  carbon  dioxide,  possibly  with  traces  of  other 
gases,  provides  a  model  atmosphere  that  agrees  closely  with  the 
observed  properties  such  as  scattering  power,  polarization,  etc. 
Consequently,  the  recent  report  that  the  reflection  spectrum  of 
Mars  shows  details  characteristic  of  nitrogen  tetroxide  (Kiess  e<  al., 
1960)  should  be  viewed  with  some  scepticism  as,  similar  to  the  case 
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of  Venus,  there  is  no  detectable  free  oxygen  in  the  Martian  atmos¬ 
phere  as  would  follow  from  the  presence  of  this  substance. 

The  reported  hazes  of  the  Martian  atmosphere  fall  into  three 
distinct  types.  The  first,  which  is  yellow  in  telescopic  appearance, 
forms  close  to  the  surface  and  is  almost  certainly  due  to  dust 
storms  of  some  sort,  formed  by  local  turbulence.  There  is  an 
excellent  account  of  the  appearance  of  such  clouds  in  1956  (Mars 
Section  Report,  li>5S),  However,  as  wind  speeds  on  Mars  are  low, 
the  dust  cannot  be  raised  by  widespread  winds,  but  is  probably  the 
result  of  local  turbulence. 

The  second  cloud  type  is  fairly  rare,  but  has  been  reliably 
reported  by  .several  observers  (Dollfus,  1948)  and  polarization 
studies  have  been  made.  From  this  work  it  seems  reasonable  to 
assume  that  the  clouds  are  of  ice  crystals,  possibly  in  equibbrium 
with  Mater  in  the  liquid  phase.  The  average  height  of  the  white 
clouds  has  been  estimated  at  about  ‘2<t  kilometres  above  the 
siu’face. 

The  most  controversial  haze  of  the  Martian  atmosphere  is  the 
so-called  «  blue  haze  »  or  «  violet  layer  ».  This  a[)pears  to  '><>  situated 
some  3U-.15  kilometres  above  the  surface  and  is  severa.  ‘tres 

thick.  From  its  apjawance  it  is  entirely  composed  of  pati..>..  f 
average  diameter  less  than  0.1  micron.  The  chemical  composition, 
however,  has  been  the  subject  of  ct'nsiderable  debate  (see  Hess, 
1958).  The  most  obvious  choice,  ice  crystals,  is  unlikely  as  the 
particles  absorb  slightly  in  the  blue  and  near  UV  ;  this  evidence 
also  discounts  the  possibility  that  the  particles  are  solidified 
carbon  dioxide.  An  alternate  hypothesis  that  has  recently  received 
some  discussion  is  particles  of  elemental  carbon,  formed  by  an 
interaction  of  carbon  dioxide  and  carbon  monoxide  ;  the  latter  gas 
being  formed  in  the  upper  atmosphere  by  irradiation  of  the  dioxide 
(Rosen,  1953).  It  is  exceedingly  difficult  to  discount  this  hypothesis, 
though  the  observed  absorption  properties  of  the  haze  do  not  seem 
to  fit  well  with  particles  of  this  composition. 

A  further  alternative  (Briggs.  1962)  is  that  the  haze  is  similar 


to  the  blue  haze  of  the  Earth’s  atmosphere  and  is  composed  of 
hydrocarbons,  possibly  of  biogenic  origin. 


CONCLtrSIOKS 

It  is  apparent  that  very  little  is  known  of  the  hazes  present  in 
the  atmospheres  of  the  inner  planets.  Their  observed  properties, 
however,  suggest  that  they  belong  to  several  very  different  chemical 
categories  and,  in  fact,  several  may  have  no  terrestrial  analogues. 
Nevertheless,  an  investigation  of  the  nature  of  these  hazes  in  a  more 
direct  manner  by  interplanetary  instrument  capsules  should  answer 
many  problems  concerning  the  origin  of  the  Earth’s  atmospheric 
hazes. 
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23.  -  INTERACrnONS  OF  THE  PLANET  MERCURY  WITH 
INTERPLANETARY  MATERIAL 

Paul  HODCJE 

Berkeley  Astronomical  Department 
University  of  California,  U .  S.  A. 


Introduction 

Meteoritic  erosion  of  minor  bodies  of  the  solar  system  is  an 
important  effect,  as  Whipple  has  shown  for  the  case  of  erosion  of 
small  particles  by  small  particles  (1962).  Erosion  of  this  sort  is  no 
doubt  important  also  in  the  case  of  asteroids,  satellites,  and  comets. 
The  majority  of  the  planets,  however,  do  not  suffer  meteoritic 
erosion,  because  of  the  way  in  which  their  atmospheres  protect 
them  from  the  constantly  bombarding  meteoroids.  Only  the  planet 
Mercury  has  an  atmosphere  too  tliin  to  afford  it  much  protection. 
Its  lack  of  a[)preciable  atmosphere  is  not  the  only  thing  that  makes 
Mercury  esiKH*ially  susceptible  to  meteoritic  erosion  ;  its  nearness 
to  the  sun  means  that  both  the  density  of  interplanetary  material 
and  the  velocities  of  encounter  are  much  higher  than  for  other 
planets,  so  that  ero.sion  is  greatly  more  effective.  In  the  following 
discussion,  we  evaluate  as  accurately  as  possible  the  rate  of  erosion 
of  Mercury’s  surface  due  to  meteoritic  encounters.  The  atmosphere 
of  Mercury-  is  assumed  to  he  negligible,  but  at  the  end  of  the 
discussion  the  effect  of  a  possible  atmosphere  is  considered. 

The  Amount  of  Interplanetary  Material 

The  space  density  of  interplanetary  dust  can  be  determined  in 
very  direct  ways  for  the  earth’s  distance  from  the  sun.  The  most 
direct  measures  are  those  of  satellites  and  space  probes  (La  Gow 
and  Alexander,  I960  ;  Komissarov,  Nazarova,  Neugodov,  Poloskov, 
and  Rusakov,  1969  ;  Du  bin,  1960  ;  Me  Cracken,  1960  ;  Cohen,  1960  ; 
Soberman  and  Della  Lucca.  1961  ;  Me  Cracken,  1962).  Other  direct 
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IXTRODUtTION 

Meteoritic  erosion  of  minor  bodies  of  the  solar  sj'stem  is  an 
important  effect,  as  Whipple  has  shown  for  the  case  of  erosion  of 
small  particles  by  small  particles  ( 1 9(52).  Erosion  of  this  sort  is  no 
doubt  important  also  in  the  case  of  asteroids,  satellites,  and  comj'ts. 
The  majority  of  the  planets,  however,  do  not  suffer  meteoritic 
erosion,  because  of  the  way  in  which  their  atmospheres  protect 
them  from  the  constantly  bombarding:  meteoroids.  Only  the  planet 
Mercury  has  an  atmosphere  too  thin  to  afford  it  much  protection. 
Its  lack  of  appreciable  atmosphere  is  not  the  only  thing  that  makes 
Mercury  especially  suswptible  to  meteoritic  erosion  ;  its  nearness 
to  the  smi  means  that  both  the  density  of  inter])lanetary  material 
and  the  velocities  of  encounter  are  much  higher  than  for  other 
planets,  so  that  erosion  is  greatly  more  effective.  In  the  following 
discussion,  we  evaluate  as  accurately  as  possible  the  rate  of  erosion 
of  IMercury’s  surface  due  to  meteoritic  encounters.  The  atmosphere 
of  Mercury  is  assumed  to  be  negligible,  but  at  the  end  of  the 
discussion  the  effect  of  a  possible  atmosphere  is  considered. 

The  Amount  of  Interflanetary  Material 

The  space  density  of  interplanetary  dust  can  be  determined  in 
very  direct  ways  for  the  earth’s  distance  from  the  sun.  The  most 
direct  measures  are  those  of  satellites  and  space  probes  (La  Gow 
and  Ale.xander,  1960  ;  Komissarov,  Nazarova,  Neugodov,  Poloskov, 
and  Rusakov,  1969  ;  Dnbin,  1960  ;  Me  (Iracken,  1960  ;  Cohen,  1960  ; 
Soberman  and  Della  Lucca.  1961  ;  Me  Cracken,  1962).  Other  direct 
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methods  include  rocket  experiments  (Me  Cracken,  1960  ;  Soberman 
and  Hemenway,  1961),  meteor  observations  (Hawkins  and  Upton, 
1968  ;  Miilman  and  Burland,  1967),  and  collections  of  dust  from  the 
high  atmosphere  (Hodge  and  Wright,  1962),  the  ocean  sediments 
(Laevastu  and  Mellis,  1955),  fossil  lake  sediments  (Crozier,  1960), 
arctic  ice  sediments  (Thiel  and  Schmidt,  1961),  and  at  the  surface 
of  the  earth  (Crozier.  1961  ;  Hodge  and  Wildt,  1958).  Results  from 
these  methods  are  often  given  in  the  form  of  an  accretion  rate  for 
material  incident  on  the  earth.  At  least  a  value  as  large  as  3  x  10* 
gm  /sec  is  necessary  to  explain  the  number  of  tiny  magnetite  spherules 
found  in  the  high  atmosphere,  the  arctic,  and  the  ocean  floors.  These 
make  up  only  a  fraction  of  the  incident  material,  so  that  the  total 
accretion  is  certainly  much  larger  than  this  value.  From  a  variety 
of  such  sources,  Whipple  (1962)  has  adop^^H  a  value  of  3  x  10* 
gm/sec  for  the  earth’s  accretion  rate  for  all  particles.  This  is  in 
reasonable  agreement  with  practically  all  available  data  except 
some  of  those  computed  from  space  vehicle  experiments. 

The  accretion  rate  computed  from  rocket  and  satellitf  measures 
is  much  larger,  unless  we  accept  the  presence  of  a  dense  belt  of 
particles  surrounding  the  earth  (Whipple,  1961  ;  Hibbs,  1961). 
Explorer  I  (satellite  1968  a),  for  instance,  encountered  10*  more 
particles  than  was  predicted.  The  encounters  of  Sputnik  III 
(1958  S)  and  Vanguard  III  (1959  r^)  were  a  little  more  than  10* 
times  the  predicted  number.  Such  anomalies  are  fairly  easily 
explained  by  the  earth  dust  cloud  h3rpothe8is  of  Whipple  and 
Hibbs.  However,  Dubin  (1961)  has  questioned  this  h3q)othesis  ;  if 
we  do  not  accept  it,  and  use  a  mean  value  for  the  space  density  from 
all  satellite  data,  we  are  led  to  an  accretion  rate  for  the  earth  of 
roughly  10*  gm/sec,  an  improbably  high  value. 

There  are  also  less  direct  means  for  determining  the  space 
density  of  dust  at  the  earth’s  solar  distance.  One  of  these  is  presen¬ 
ted  by  the  observations  of  the  zodiacal  cloud.  A  recent  very  careful 
study  by  Ingham  (1961)  has  given  probable  values  for  the  local 
spcMM  density  of  dust  as  derived  from  Ingham  and  Blackwell’s 
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observations  of  the  zodiacal  light  from  high  in  the  Peruvian  Andes. 
He  finds  that  if  reasonable  assumptions  are  made  about  the  size 
distribution  and  density  of  the  dust  the  observations  indicate  a 
spacial  density  of  approximately  500  particles/km*  at  one  A.  U. 
This  includes  all  particles  greater  in  radius  than  0.4  p,,  the  limit 
below  which  radiation  pressure  blows  the  dust  away  (if  its  density 
is  roughly  2  gm/cm*).  The  total  mass  density  is  of  the  order  of  10'** 
gm/cm’  ai  1  A.  U.  Another  determination  of  the  spacial  density  of 
dust  at  the  earth’s  distance  from  the  sun  is  that  by  Briggs  (1962), 
based  on  considerations  of  supply  of  dust  by  comets  and  depletion 
by  the  Poynting-Robertson  effect.  Briggs  finds  a  space  density  at 
1  A.  U.  of  165  particles /km®. 

Both  of  these  determinations  are  in  reasonable  agreement 
with  Whipple’s  accretion  rate  for  the  earth  of  3  x  lO^gm/sec, 
though  comparison  requires  assumptions  as  to  size  distribution  and 
physical  properties  of  the  particles.  W'e  adopt  this  value  as  a  lower 
limit  and  most  probable  value,  keeping  in  mind  that  a  value  of 
10*  gm  'sec  is  j)os8ibie  in  view  of  satellite  measures. 

The  space  density  normally  is  assumed  to  vary  as  r"*,  where  r 
is  the  distance  from  the  sun  and  x  is  a  constant  near  unity  in  value. 
Following  Briggs,  we  adopt  a  —  1.  Thus  the  space  density  of 
material  at  Mercury’s  distance  from  the  sun  is  a  little  more  than 
3  times  that  at  1  A.  U. 

The  Orientations  of  the  Orbits 

In  order  to  estimate  the  distribution  of  the  velocities  of  impact 
on  Mercury’s  surface,  it  is  necessary  to  know  something  of  the 
orientations  of  the  orbits.  We  know  that  they  are  not  random  in 
inclination,  as  the  zodiacal  cloud  shows  for  the  small  particles  and 
the  meteor  observations  show  for  the  larger  particles.  There  is 
some  indication,  from  the  comparison  of  these  two  sources,  that 
the  smaller  particles  have  smaller  inclinations  than  the  larger 
(meteor  particles),  and  we  know  that  the  most  massive  (meteorite 
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particles)  have  again  very  small  inclinations.  Properly,  we  should 
discuss  a  variety  of  different  distributions  of  orbital  parameters,  as 
a  function  of  the  size  and  nature  of  the  particles.  However,  it  would 
be  fruitless  to  attempt  to  do  so  with  the  presently  available  know¬ 
ledge,  and  therefore,  we  must  adopt  a  simple  model  which  appro¬ 
ximates  the  probable  situation. 

The  characteristic  angular  distance  from  the  ecliptic  of  meteor 
orbit  planes  has  been  found  to  be  roughly  10“  for  sporadic  meteors 
(Whipple  1959)  and  a  minority  of  the  meteors  are  retrograde.  We 
adopt  below  a  model  in  which  all  particles  at  0.3  A.  U.  have  small 
inclinations  and  ~  1  ,'3  of  them  are  retrograde.  The  distrioution  of 
impact  velocities  derived  from  this  model  should  not  differ  greatly 
from  that  ba.sed  on  a  more  eomplicated  model,  which  would  in  any 
case  be  premature  at  this  time. 


Impact  Velocities 

If  the  imj)act  velocity  of  a  particle  which  collides  with  Mercury 
is  Vt,  then  the  geometry  of  a  collision  leads  to  the  equation, 

IV  =  r,  -f  i’,„  cos  X  4-  K  (*)  t’j,  for  0“  ^  a  ^  90“ 

and 

Vc  —  V,  -  r„  cos  z  4-  K  (x)  r,,  for  90“  a  ^  180“ 

where  v,  is  the  particle’s  spacial  velocity,  i;,„  is  Mercury’s  velocity, 
a  is  the  angle  between  the  forward  direction  of  Mercury’s  motion 
and  that  of  the  particle,  Vp  is  the  velocity  of  escape  from  Mercury 
(3.6  km /sec)  and  K  (x)  is  a  function  of  x  and  varies  from  approxi¬ 
mately  0.5  for  x  =  0“  to  0.1  for  x  =  180“.  For  orbits  in  the  zodiacal 
plane  (t  =  0),  the  space  velocities  are  approximately 

V,  =  48  -f  20  cos  X. 

For  moderate  values  of  i  the  value  of  v,  is  only  slightly  altered, 
according  to  the  inclination  and  eccentricity  of  the  orbit.  If  we  adopt 
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the  above  expression  then  we  find  that  the  velocity  of  collision  is 
approximated  by 

Vf  —  48  -f  68  cos  a,  for  Oo  x  90° 


and 


IV  =  48  —  28  cos  a,  for  90o  ^  a  180« 


For  the  sake  of  simplicity  we  adopt  a  model  of  the  orbital  charac¬ 
teristics  of  particles  near  0.3  A.  U.  such  that  the  orbits  are  primarily 
of  low  inclination,  low  eccentricity,  and  primarily  direct,  1  /3  being 
retrograde.  Such  circumstances  no  doubt  are  reasonably  close  to 
the  truth. 


The  Amount  of  Displaced  Material 

dpik  (1958)  has  worked  out  a  theory  for  high-speed  impact 
cratering  in  which  the  mass  of  material  displaced  by  the  impact  is 
proportional  to  the  momentum  of  the  incoming  particle.  Whipple 
(1962)  has  compared  Opik’s  theory  with  experimental  determina¬ 
tions  of  cratering  properties  and  concludes  that  the  theory  is 
probably  applicable  to  meteoritic  problems,  (dpik  finds 

M  kmv,  (?/S)’'--' 

where  M  is  the  displaced  ma.s.s.  m  is  the  mass  of  the  projectile,  k  is 
a  constant  dejiending  on  the  density  of  the  projectile  {k  =«  4.3  for  a 
stone  particle  hitting  an  iron  surface),  p  is  the  density  of  the  surface 
hit,  Vr  is  the  velocity  of  impact,  and  S  is  the  compressive  strength  of 
the  material  struck.  For  rock  on  rock,  we  adopt  values  of  4  for  k, 
10*dyn/cm’*  for  S,  and  3gm/cm®  for  p.  Thus 

M  !=;  20  mvc 

if  Vc  is  given  in  km/sec.  and  m  in  grams. 

We  find  that  the  mass  displaced  by  a  collision  per  gram  of 
incident  material  is 

f  -  dx  ^  1000. 

J  m 

Our  adopted  value  for  the  mass  of  incident  material  on  the 
earth  is  3  x  lO^gm/sec.  Mercury  would  have  approximately 
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0.11  times  that  of  the  earth,  because  of  its  smaller  diameter  and 
smaller  mass.  However,  the  space  density  of  particles  is  about 
three  times  as  great  at  Mercury’s  distance  from  the  sun,  so  we  find 
an  incident  mass  of  approximately  10*  gm/eec.  Thus  the  displaced 
mass  is  10’  gm/sec.  The  surface  of  Mercury  has  been  severely  eroded 
by  interplanetary  material,  probably  as  fully  as  the  earth’s  surface 
has  been  changed  constantly  by  weather.  Furthermore,  since 
meteoritic  erosion  has  the  almost  irreversible  effect  of  making 
material  increasingly  smaller  in  size,  we  expect  the  surface  of 
Mercury  to  be  largely  dust-covered.  The  principle  source  of  non- 
dusty  material  is  probably  volcanic  activity.  We  expect  that 
extrusions  from  Mercury’s  reservoir  of  molten  rock  push  up  and 
flow  out  over  the  dusty  land,  only  to  be  slowly  weathered  away  by 
meteoritic  erosion. 

Pettit  (1961)  has  pointed  out  that  optical  evidence  suggests 
that  the  side  of  Mercury  presented  at  western  elongation  is  consi¬ 
derably  rougher  on  the  surface  than  the  side  presented  at  eastern 
elongation.  This  seems  a  reasonable  confirmation  of  the  importance 
of  meteoritic  erosion  at  the  surface  of  the  planet.  The  observed 
rough  side  faces  in  the  direction  of  Mercury’s  motion,  so  that  this 
side  is  expected  to  be  the  more  seriously  eroded. 

Ejeuteo  Material 

Some  of  the  mass  of  material  displaced  by  meteoritic  collisions 
is  possibly  ejected  from  Mercury  with  velocity  greater  than  the 
escape  velocity.  Just  how  much  is  so  ejected  is  very  difficult  to 
evaluate  at  the  present.  We  know  that  even  with  the  dense  atmos¬ 
phere  and  the  high  mass  of  the  earth,  material  is  thrown  to  very 
great  heights  by  impressive  explosions  such  as  those  of  the  lun- 
guska  meteorite,  Krakatoa,  and  nuclear  bombs.  However,  for  a 
quantitative  theory  of  ejection,  we  are  left  with  very  little  pertinent 
data.  For  a  rough  approximation,  we  follow  the  arguments  of 
Whipple  (1969),  who  suggests  that  the  mass  of  material  ejected 
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from  the  moon  equals  that  incident  upon  it.  In  Mercury’s  case, 
the  velocity  of  escape  is  somewhat  larger,  and  the  velocity  of 
impact  is  also  larger,  so  that  the  ratio  of  ejected  to  incident  is 
probably  very  similar  to  that  for  the  moon.  Accepting  this  leads  to 
a  value  of  roughly  lO^gm/see  of  dust  ejected  from  the  planet. 
Most  of  this  dust  will  be  of  very  small  dimensions,  much  of  it  in  the 
range  (0.1  (i  to  a  few  microns  in  diameter)  of  size  which  is  acted 
upon  by  radiation  pressure.  This  material  should  form  a  faint  tail 
opposite  the  sun,  analogous  to  comets’  dust  tails.  The  remainder  of 
the  ejected  material  will  disperse  ;  that  larger  than  a  few  microns 
will  spiral  inward  under  the  Poynting-Robertson  effect,  and  will 
in  itself  suffer  gradual  meteoritic  erosion. 

The  Problem  of  an  Atmosphere 

The  above  discussion  assumes  that  Mercury  has  no  appreciable 
atmosphere.  There  is  some  evidence  (Dollfus  1061)  that  a  small 
atmosphere  on  the  bright  side  is  detected  by  polarization  measures. 
The  erosion  rate  on  this  side  would  be  unaffected  by  an  atmosphere 
of  less  than  about  0.1  mb  pressure,  which  is  approximately  the  pres¬ 
sure  at  the  level  at  which  meteoroids  are  decelerated  by  the  earth’s 
atmosphere.  An  atmosphere  10~*  the  earth’s  is  the  maximum 
allowable  if  Mercury’s  sunward  surface  is  extensively  eroded 
meteoritically.  Dollfus’  value  of  3  X  10“*  earth  atmospheres  is  so 
great  that  most  meteoroids  would  never  reach  Mercury’s  sunward 
surface.  On  the  dark  side,  where  any  atmosphere  would  immediately 
freeze  out,  the  erosion  rate  should  be  as  estimated  above. 
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24.  -  PHOTOMETRY  OF  THE  INFRARED  SPECTRUM 
OF  VENUS,  1-2.5  MICRONS  (*) 

Gerabd  P.  KUIPER 

The  University  of  Arizona,  Tucson,  Arizona,  V.  S.  A. 


1.  Introduction 

The  sjKJCtrum  of  Venus  beyon'l  the  photographic  range  has 
been  investigated  with  resolutions  of  about  250  up  to  1.8  [a  (Kuiper, 
1948),  80  up  to  2.5  (1  (Kuiper,  1947),  and  about  30  for  the  range 
8-14  fjL  (Sinton,  1962).  Recently  Oebbie.  Uelbouille,  and  Roland 
(1962)  recorded  the  region  1. 2-2.5  ;i.  with  an  interferometer  and 
obtained  a  sjiectral  resolution  similar  to  that  used  by  Kuiper. 
Some  inconsistencies  are  apparent  between  these  provisional  inter¬ 
ferometer  results  and  the  earlier  direct  tracings. 

From  time  to  time  during  the  past  decade,  the  writer  had 
attempted  to  improve  on  his  1948  results  with  the  prism  spectrom¬ 
eter  but  no  distinct  progress  was  made  until  a  grating  spectrom¬ 
eter  was  built  which  allowed  increased  resolution  without  undue 
loss  of  light.  With  it,  the  Venus  spectrum  in  the  region  1.0-2. 5  ji, 
has  been  recorded  in  two  series,  one  obtained  with  the  36-inch 
telescojje  of  the  Kitt  Peak  National  Observatory  in  June  1962 
(resolutions  about  700  and  250)  ;  and  one  with  the  82-inch  telescope 
of  the  McDonald  Observatory  in  August  1962  (resolutions  about 
1500  and  800).  The  Kitt  Peak  series  was  supplemented  with  match¬ 
ing  solar  compari.son  runs,  so  that  precise  photometric  determi¬ 
nations  of  the  Venus  absorptions  could  be  made.  The  McDonald 
aeries  was  calibrated  with  lunar  spectra  for  the  regions  1. 1-1.4  and 
2. 0-2. 5  [X,  and  stellar  spectra  for  the  remaining  regions  ;  these 
spectra  by  their  nature  do  not  have  the  highest  precision  for 
dehning  the  continuous  spectrum.  The  wavelengths  of  the  telluric 

(•)  A  somewhat  expamled  version  of  this  paper  will  be  published  as 
Communications  of  the  lAinar  and  Planetary  Laboratory  No.  15. 
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absorptions  were  taken  from  the  McMath-Hulbert  Observatory 
Atlas  (1950). 

The  spectral  records  obtained  are  photometric  since  the  inten¬ 
sity  scales  are  known  to  be  strictly  linear.  The  absorption  depths 
and  equivalent  widths  could  therefore  be  taken  directly  from  the 
spectra. 

Nearly  forty  absorption  bands  were  found  in  the  Venus  spec¬ 
trum  between  1.0-2. 5  |ji.  All  of  these  without  exception  could  be 
attributed  to  CO,.  A  survey  of  possible  COj  bands  showed  that 
all  bands  up  to  a  certain  intensity  that  should  be  present  in  the 
Venus  spectrum  are  indeed  present.  Several  bands  due  to  *®COj 
have  been  identified  as  well  as  a  number  of  «  hot  »  COj  bands. 
Some  weaker  features  shown  in  both  the  laboratory  spectra  and  in 
V’^enus  and  apparently  due  to  CO*,  have  been  left  unidentified. 
One  fairly  strong  band,  at  X  =  2.15  |x,  appeared  to  be  outside  the 
scheme  of  permitted  transitions  of  ‘*C02,  and  is  attributed,  not  to 
the  2v3  band  of  '*C'*0**0,  which  is  forbidden,  but  to  its  heavy 
oxj'gen,  **0,  isotopic  companion,  *“C‘*0**0.  which  is  permitted. 
Because  the  principal  band  is  forbidden  the  isotopic  band  can  be 
observed  with  unusual  freedom  from  interference. 

2.  The  Kitt  Peak  Spectra 

Some  of  the  original  records  obtained,  with  wavelength  marks 
added,  are  reproduced  photographically  in  Figures  1-3. 

The  resolution  of  the  spectra  is  not  the  same  for  the  two 
intervals  1.0-1. 8  p,  and  1.9-2.5  [x.  In  each  case  the  spectrometer 
was  used  in  siitless  form  to  minimize  intensity  fluctuations  due  to 
seeing  or  guiding.  The  planetary  disk  was  about  0.80  illuminated, 
with  the  narrow  dimension  10"  in  width.  The  spectrometer  was 
turned  such  that  this  narrow  dimension  served  as  the  entrance  slit. 
With  the  Kitt  Peak  36-inch  telescope,  f/15  Cassegrain,  this  means 
that  the  equivalent  slit  was  2/3  mm,  or  actually  slightly  less  because 
of  the  curvature  of  the  planet  and  the  uneven  illumination  of  the 
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Fij;.  1.  •  Venus  Spectrum,  Kitt  Peak  National  Observatory,  1.02--1.35  jx. 

Upper  curve  outlines  solar  comparison  spectrum  where  it  differs  from  the 
Venus  spectrum.  Classification  of  CO,  bands  follows  Table  1,  with  short 
lines  marking  band  origins  mot  heads) ;  H  designates  «  hot  *  bands ; 
asterisks,  isotopic  “CO,  bands.  Grating  1.6  g,  filter  Coming  2540  (X>  1.0  g). 
cell  width  0.25  mm,  slitless  spectrum,  time  constant  (t)  12  seconds.  Decli¬ 
nation  of  Venus  -i-  21'>49'.  hour  angle  l^iO"* —  2''44"'W  (in  all  spectral 
records  the  time  runs  from  right  to  left). 

disk.  The  cell  width  used  for  1.0-1. 8  g  was  0.26  mm,  so  that  the 
resolution  in  the  spectrum  was  about  ‘\/ (2/3)*  -f  (0.25)*  =  0.7  mm, 
that  is,  X/AX  =  700  at  1.6  g,  giving  AX  =  25  A.  From  1. 9-2.6  g  a 
1.0  mm  cell  was  used  to  improve  the  signal /noise  ratio.  This  means 
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Fig.  2.  —  Venus  Spectrum,  1.35  -  1.75  [x.  Upper  curve  is  solar  compar¬ 
ison  spectnim.  CO,  bands  as  in  Table  1.  Same  parameters  as  Figure  1 
except  H.  A.  0>>27"'  -  lh40'>'\V. 

that  the  spectral  resolution  there  was  about  \/ (2/3)'-*  +  1  =  1.2  mm  ; 
and  because  the  dispersion  with  the  2  (x  grating  is  only  0.4  times 
that  of  the  1.6  p.  grating,  the  overall  spectral  resolution  was 
(1.2/0.7)/0.4  =  4.3  times  poorer  ;  i.  e.,  about  100  A  or  X/AX  -  200 
at  2.2  p. 
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Kin.  !Spe<'truni,  1.87  2. .7.7  p.  Upper  curve  is  solar  compar¬ 

ison.  (tratinn  2  p.  filter  X  >  1.0  p,  cell  l.Oniin.  slitless,  t  -  6  seconds. 

Deol.  -22O20',  H.  Oh46">  lhIl'>'VV. 

Tlie  chief  interest  of  the  .spectra  is.  of  course,  to  obtain  a 
listing  and  identification  of  the  planetary  absorptions.  The  Kitt 
Peak  records  are  clear  for  all  but  a  few  of  the  CO^  bands  marked. 
These  marginal  ca.ses  are  recognized  more  easily  with  the  increased 
resolution  obtained  in  the  McDonald  spectra.  There  is  no  evidence 
for  an  absorption  between  2.3  and  2.4  g  which  could  be  attributed 
to  CO.  Between  2. 2-2.3  g  there  is  in  Figure  3  a  feature  which,  if 
real,  indicates  a  local  color  difference  between  Venus  and  the  Sun, 
attributable  to  the  Venus  cloud  cover.  The  question  arises  w’hether 
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Fig.  4a.  —  Spectra  1.9  —  2.5  |x  of  sunlight  reflected  by  a  layer  of  small 
H,0  crystals  formed  on  a  dark  metal  plate  cooled  by  contact  with  a  block 
of  frozen  CO,.  Tucson,  September  11,  1962,  early  afternoon  ;  (o)  crystal 
layer  about  1  mm  thick  ;  (6)  solar  comparison  as  reflected  by  MgO  block  ; 
(c)  frost  layer  about  3  mm  thick  ;  (d)  frost  layer  about  4  nun  thick  ; 
(e)  second  solar  comparison. 
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•CkAT'Wi  *tri.cc«<v<tic»,  or  ici  car>i«Li  >  •  •  t  I  4* 


Fig.  46.  --  Reflectivities  of  layers  of  ice  crystals  1  mm,  3  mm,  and  4  mm 
thick,  derived  from  Figure  4a.  The  shapes  of  the  curves  are  fixed  by  the 
ratios  measured  from  Figure  4a  ;  the  scales  of  the  ordinites  cannot  be 
found  from  the  measures  and  have  been  chosen  somewhat  arbitrarily .  , 


this  feature  could  be  due  to  small  ice  crystals  in  the  V^enus  atmos¬ 
phere.  To  check  this,  reflection  spectra  were  obtained  of  sunlight 
shining  on  small  H,0  crystals  formed  on  a  dark  metal  plate  in 
contact  with  a  block  of  frozen  CO*  and  matched  with  the  solar 
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spectrum  reflected  from  a  MgO  block.  The  records  are  reproduced 
in  Figure  4a,  and  the  ratios  between  the  ordinates  measured  at 
identifiable  wavelengths  are  plotted  in  Figure  46.  It  is  seen 
that  the  ice  cau.ses  a  wide  absorption  band  from  1. 9-2.1  p,,  and 
another  one  beyond  2.4  p,  increasing  in  strength  with  increasing 
dcjjth  of  the  layer  ;  but  that  the  absorption  is  least  between  2.2- 
2.;i  p,  where  the  suspected  Venus  absorption  occurs.  The  ice  band 
is  displaced  from  the  corre.sponding  v’apor  band  by  about  -f-  9. 1  p, 
in  accordance  with  previous  laboratory  work.  It  is  seen  from 
Figure  3  that  the  Wmis  spectrum  frrm  1.S8-1.93  p  and  the  peak 
at  1.9Sp  are  incompatible  with  the  ice  band  at  2.0  p  shown  in 
Figure  46. 


.‘1.  The  McDonald  Spectra 

0.1  mm  cell  was  u.sed  throughout  .so  that  the  equivalent 
si)eetral  resolution  was  0.32  mm  making  /.'AX  =  1500  at  1.6  p,  or 
AX  ~  10  A.  Insj)ection  of  the  spectral  records  confirms  this  value. 
For  1.9-2.5p  the  2p  grating  was  used  again  but  with  the  same 
narrow  cell  and  slit  as  used  at  1.6  p  ;  the  resolution  was  thus  about 
25  X  and  X/AX  about  800- 1000.  However,  the  smaller  ratio  signal/ 
noise  in  this  region  cau.sed  some  loss  of  effective  resolution  which 
cmild  be  recaptured  only  by  the  use  of  a  longer  time  constant  and 
a  slower  scanning  rate. 

H'‘cause  solar  comparisoti  runs  with  the  spectrometer  on  or 
off  the  82-inch  telescope  could  not  be  made  during  a  full-time 
night  program,  the  calibration  of  the  McDonald  spectra  on  Venus 
had  to  be  left  somewhat  incomplete.  Nighttime  lunar  spectra  were 
taken  for  the  1.18-1. .35  and  1.9-2.5  p  regions,  which  served  as  a 
first  approximation.  They  were  obtained  by  throwing  the  lunar 
image  on  the  spectrometer  slit  far  out  of  focus  so  that  the  unavoid¬ 
able  drift  of  the  image  would  cause  only  comparatively  small  and 
smooth  spurious  intensity  changes  in  the  recorded  spectrum.  Stellar 
s{)ectra  served  as  additional  checks  on  the  strengths  of  the  telluric 
absorptions. 
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Fig.  5.  —  Venus  Spectrum,  McDonald  Observatory,  1.18  -  1.35  jx.  Dashes  outline  Ivinar  comparison  spectrum  (which  was  somewhat 

disturbed  from  1.24  —  1.26  by  relocation  of  the  lunar  imafre).  OO,  Itands  as  in  Figure  1.  Orating  1.6  g,  filter  C^orning  2540,  cell  0.25  mm, 
slit  0.3  mm,  -r  —  3  seconds.  Decl.  —  3o39',  H.  A.  0i>34"‘E  —  O^Ol^W.  Dome  temperature  (T)  23“C,  humidity  (H)  36  %. 


278 


1 


?•  7a.  — -  VenuB  Spectrum,  1.39  — •  1.69  p.  Part  1.  The  CO,  bands  are  the  same  as  marked  in  Figure  2.  Grating  1.6  p, 
filter  2540,  cell  width  0.10  mm,  spectrometer  slit  0.3  mm,  r  =  6  seconds.  Decl.  —  3041',  H.  A.  0'‘39™  —  1'‘40”*  W. 

T  =  24oC,  H  =  34  %. 
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Fig.  7fc.  —  Venue  Spectrum,  1.39  —  1.69  p.  Part  2. 


2h2 


Fig.  Sb 


The  comparatively  high  summertime  humidity  of  the  McDonald 
atmosphere  is  apparent  from  the  strong  telluric  absorptions.  Addi¬ 
tional  spectral  runs  of  Venus  must  be  made  in  a  dry  winter  atmos¬ 
phere.  Nevertheless,  the  present  McDonald  spectra  add  information 
on  the  wavelengths  of  the  new  bands,  and  are  therefore  included 
here. 

Figure  6  shows  one  of  two  consecutive  runs  on  the  region 
1,18-1.35  (1.  For  the  sake  of  completeness  an  earlier  microphotom¬ 
eter  tracing  of  the  three  bands  between  1.0  and  1.1  [i  is  added 
in  Figure  6.  This  tracing  also  clarifies  the  characteristic  band  shape 
for  the  transitions  in  the  IR  tracings,  such  as  the  depths  and 
widths  of  the  R  and  P  branches  and  the  position  of  the  origin, 
the  point  indicated  in  the  tracings. 

Comparison  of  Figures  5  and  1  shows  that  the  added  resolution 
has  clarified,  e.  g.,  the  location  of  the  band  heads  near  1.23  [x. 
A  small  difference  exists  in  the  shapes  of  the  (401)  band  where 
it  merges  with  the  telluric  O,  band  at  1.268  [x.  An  earlier  record 
with  the  same  resolution  but  higher  noise  level  than  Figure  1  was 
available.  On  that  record  the  (401)  band  has  intermediate  strength. 

Figure  7  covers  the  region  1.39-1.69  (x.  The  structure  of  slopes 
of  the  strong  CO,  bands  is  now  more  clearly  brought  out,  allowing 
more  certain  identification  (Sec.  4). 

The  region  1.9-2. 5  (x  was  recorded  in  two  consecutive  runs  on 
August  16,  1962,  with  different  time  constants,  one  of  wliich  is 
reproduced  in  Figiu«  8.  It  is  found  that  the  three  CO,  bands  marked 
in  this  region  by  Gebbie,  et  al.  (1962)  are  not  real. 

4.  Interpretation  and  Laboratory  Spectra 

Several  prominent  absorption  bands  in  the  Venus  spectrum 
have  been  known  to  be  due  to  CO,.  They  arise  from  the  ground 
state  and  contain  the  odd  overtones  of  v„  namely  v,,  Sv,  and  6v,, 
with  various  combinations  of  v,  and  v,  in  Fermi  resonance,  leading 
to  the  formation  of  diades,  triades,  tetrades,  pentades,  etc.  These 
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transitions  are  of  the  type  2^  2^,  not  involving  a  change  in  the 

azimuthal  quantum  number,  I,  and  have  two  branches,  R  and  P, 
which  are  resolved  in  our  spectra,  though  the  finer  rotational 
structure  is  not.  In  addition,  there  are  much  weaker  permitted 
transitions  from  the  ground  state  of  the  type  flu  2^,  involving 
the  even  overtones  of  Vj  and  such  combinations  of  Vj  and  Vj  making 
(t>2  4-  fa)  odd,  even  combinations  of  (v^  -f  fa)  being  forbidden.  These 
transitions  involve  a  change  by  I  of  the  azimuthal  quantum  number 
and  cause  the  presence  of  a  Q  branch,  which  on  our  spectra  makes 
the  band  look  like  a  narrow  feature  with  a  pointed  minimum. 

A  list  of  tlie  permitted  transitions  from  the  ground  state  was 
constructed  on  the  basis  of  the  energy  diagram  given  by  Herzberg 
and  Herzberg  (1953,  p.  1941).  Comparison  of  this  list  with  the  very 
detailed  laborati  '•y  investigations  by  Courtoy  (1957,  1959)  showed 
that  additic*  'I  oands  must  be  present  in  the  Venus  spectrum 
arising  from  the  !!«  (01 9))  level  and  possibly  even  the  higher  levels, 
X*  02®9.  2,‘  10*0  and  Ay  (»2*0.  These  bands,  conveniently  called  the 
« hot »  and  «  doid)ly-hot  »  bands,  are  of  interest  in  connection  with  a 
possible  determinat  ion  of  the  temperature  of  the  Wnus  atmosphere. 

Accordingly,  we  have  collected  in  'fable  1  all  transitions  for 
A  <  2.5  g  that  seemed  relevant  or  promising,  including  the  strongest 
Lsotopic  bands  of  'H'Oj  and  The  latter  were  taken  rrom 

the  laboratory  studies  by  Courtoy  (1959).  as  were  the  wavelengths 
of  all  other  relevant  bands  listed  by  him.  Some  permitted  bands, 
such  as  212,  were  dropped  when  no  evidence  for  their  presence 
was  found  in  Venus  or  the  laboratory'. 

The  complexity  of  the  COj  spectrum  is  sufficient  to  prevent 
the  classification  of  the  weaker  bands  w'ithout  laboratory  spectra 
showing  the  rotational  structure.  In  particular,  the  hot  bands  and 
the  isotopic  bands  appear  as  satellites  of  the  principal  bands  arising 
from  the  ground  state  of  the  “COj  molecule,  often  present  as 
disturbing  features  in  the  wings.  Thus  Vj  +  Svj  —  vj  at  X  =  1.442  g. 
occurs  in  the  P  branch  of  Bvj ;  and  the  triade  201,  121.  041  at 
X  =  1.961,  2.009,  and  2.060  g  has  the  companion  bands  2vi  +  v*  + 
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Table  1 

CO,  Banda  obaervtd  in  Venus  and  Laboratory 
(X  and  V,  of  band  origin) 


(vac.) 

X  (Head) 
(Air) 

1 

V„ 

Transition*  ' 

Symbol 

Used  In 
Figures 

0.7165 

1 

0.7158  ] 

13957 

12»5 

125 

0.7828 

0.7820 

12774.7 

10».5 

105 

0.7891  ' 

0.7883 

12672.3 

02“5  ' 

025 

0.8698 

0.8689 

11496.4 

00»5 

005 

0.8749 

0.8736 

11430 

01‘.5-01‘0 

005H 

0,9267  : 

10790.4  : 

14''3 

143 

0.9244  ; 

10817.2  ; 

22  "3 

223 

i.o:i8:i 

1.0362 

9631.4 

20»3 

203 

1.0508 

1.0488 

9517.0 

12  "3 

123 

1.0651 

1.0627 

9389.0 

04“  3 

043 

1.20.55 

1.2030 

8294.0 

10"3 

103 

1.2082 

1.20.55 

8276.8 

11'3.01'0 

103H 

1.2206 

1.2177 

8192.6 

02  “3 

023 

1.2291 

1.2262 

8136,0 

03'3-01>0 

023H 

1.2364 

8089.0 

16“3(‘“C) 

103* 

1,2530 

7981.2 

02"3(“C) 

023* 

1.2606 

79.32.9 

2C2 

212 

1.2625 

7920.5 

40  “1 

401 

1.2929 

7734.3 

32"! 

321 

1.294 

7730 

33>  1-01*0 

321H 

1.3116 

7624.0 

25*1-01*0 

24 IH 

1.3169 

7593.5 

24”1 

241 

1.3367 

7481.3 

24“1(>»C) 

241* 

1.3404 

7460.4 

16"! 

161 

1.3729 

7284.0 

08"! 

081 

1.4342 

6972.5 

00»3 

003 

1.4420 

6935.0 

01*3-01*0 

003H 

1.444 

6925 

00»3('  0) 

003** 

1.4749 

6780.1 

oo"3(*’C)  : 

003* 

1.4826 

6745.0 

01*3-01*0(**C) 

003*H 

1.497 

6681 

11*2  ^ 

112 

1.507  : 

6636  ; 

03*2  i 

032 
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1 

X((i,)  !  X  (Head) 

(vac.)  (Air) 

V, 

Transition* 

Symbol 

Used  In 
Figures 

1.5298 

6536.4 

31*1-01*0 

301H 

1.5377 

301 

301 

1.5714  ! 

6363.6 

301(**C) 

301* 

1.5733  i 

23*1-01*0 

221H 

1.5753 

6347.8 

22»1 

221 

1.6021  . 

6241.9 

22»1(**C) 

221* 

1.6057  1 

14*1 

141 

1.6139 

6196.1 

15*1-01*0 

141H 

1.6341 

6119.6 

14''1(*>C) 

141* 

1.6458 

6075.9 

OO"! 

061 

1.6609  ; 

6020.8 

07*1-01*0 

061H 

1.6802 

5951.5 

06*1(**C) 

061* 

1.8812 

5315.7 

01*2 

012 

1.8900 

5291.1 

02*2-01'0 

012H 

1.9348 

5168.6 

01'2(**C) 

012* 

1.9457 

5139.4 

22‘l-02«0 

201HH* 

1.9519 

5123.2 

21*1-01*0 

201 H 

1.9609 

5099.6 

20*1 

201 

1.9754 

.5062.4 

22*1 •02*0 

201HH* 

1.9831 

5042.5 

04'>l(*'O) 

041** 

2.0035 

4991.3 

20»1(*H:) 

201* 

2.0089 

4977.8 

12*1 

121 

2.0140 

4965.3 

13*1-01*0 

121H 

2.0388 

4904.8 

12*1(*'0) 

121** 

2.0461 

4887.3 

12*1(**C) 

121* 

2.0603 

4853.6 

04*1 

041 

2.0800 

4807.7 

05*1-01*0 

041H 

2.0872 

4791.2 

20*1  ’*0) 

201** 

2.0875 

4790.5 

06*1-02*0 

041HH* 

2.0971 

4768.5 

06*1-02*0 

041HH* 

2.1061 

4748.0 

04»1(**C) 

041* 

2.1238 

4708.5 

05*1-01*0(**C) 

041  *H 

2.1341 

4685.7 

06»1-02*0(**C) 

041*HH* 

2,1397 

4673.6 

06*1-02*0(**C) 

041  *HH* 

2.140  1 

4673 

[00*2] 

[002] 

2.1556 

4639 

00*2(**O) 

002** 

2.220  1 

4505 

00»2(*»O,**C) 

002*** 

01*2-01*0(**0) 

002*  *H 

(*)  From  ground  state  00*0  unless  stated  otherwise. 
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Vj  —  Vj,  Vj  +  3v,  -f-  Vj  —  Vj,  and  5v,  -f-  Vj  —  v„  at  X  =  1.952  (X, 
2.014  [X,  and  2.080  |x,  respectively.  To  bring  out  this  correspondence 
we  have  u.sed  the  symbols  201  H,  121  H,  and  041  H  for  these  com¬ 
panions  in  Table  1  and  in  the  figures.  Doubly-hot  companions  are 
indicated  by  HH®  or  HH®,  dejxending  on  the  quantum  number  I 
of  the  lower  state. 

The  isotopic  bands  are  marked  by  asterisks.  Since  the  ‘*C/^*C 
ratio  on  the  Earth  is  89,  and  the  ratio  about  500,  a  single 

asterisk  was  used  for  isotopes  and  a  double  asterisk  for  ^*0 
isotopes.  The  equivalent  intensity  of  single-asterisk  bands  may 
therefore  be  down  by  two  orders  of  magnitude,  the  intensity  of 
the  double  asterisk  bands  by  nearly  three.  On  the  assumption  that 
the  strength  of  the  hot  bands  on  Ve.ius  is  dowm  by  one  order  of 
magnitude  or  more,  the  combination  *H  was  retained,  but  not 
**H  or  *HH. 

As  Courtoy  has  found  and  as  may  be  seen  from  Table  1,  the 
positions  of  the  **0  isotopic  bands  with  respect  to  the  ^*0  bands 
are  irregular,  unlike  the  positions  of  the  or  isotopes, 

where  nearly  constant  ratios  with  the  wavelengths  of  the  principal 
bands  are  maintained. 

The  symbols  in  the  last  column  of  Table  1  have  been  trans¬ 
ferred  to  the  figures  where  this  appeared  warranted.  It  is  found 
that  the  Venus  absorption  can  be  satisfactorily  accounted  for  by 
the  permitted  transitions  listed  in  Table  1  with  one  major  exception, 
the  band  at  2.1.5  gx.  In  addition,  a  few  minor  features  remain 
unexplained.  Both  the  2.15  gx  band  and  the  minor  features  are 
present  in  the  laboratory  spectra  of  CO2,  reproduced  in  Figures  9-11, 
and  are  therefore  attributed  to  COj. 

No  permitted  or  transition  appears  to  fit  the 

A  =  2. 15  gx  band.  Accordingly,  the  possibility  of  its  being  a  pressure- 
induced  dipole  or  a  quadrupole  transition  of  **C02  was  examined. 
The  forbidden  2v,  transition  from  the  groimd  state  fits  the  observed 
position  Vo  =  4643  ±  5  rather  closely,  but  not  precisely,  the  com¬ 
puted  position  being  Vj  =  4673.  Dr.  Herzberg  suggested  to  the 
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writer  that  the  observed  band  may  rather  be  identified  as  the 
ii0i80i«0  isotopic  2v3  band,  which  is  permitted  because  of  the 
asymmetry  of  the  molecule.  The  writer  had  already  estimated  that 
the  observed  band  was  roughly  10®  times  weaker  than  expected 
from  a  fully  permitted  2v3  band.  This  ratio  is  of  the  same  order 
of  magnitude  as  the  ‘*0/*®()  ratio.  Dr.  Herzberg  has  computed  the 
position  of  this  isotopic  band  at  Vq  =  4639,  in  full  accord  with  the 
observations.  This  identification  is  of  special  interest  because  the 
unhampered  observation  of  what  would  be  normally  a  very  weak 
isotopic  companion  is  made  j)ossible  because  the  principal  band  is 
forbidden  and  the  i.sotopic  2v3  tran-sition  exceptionally  strong. 

The  minor  COj  features  in  the  1.6  g,  region  will  be  examined 
in  greater  detail  in  future  laboratory  investigations.  It  will  also  be 
attempted  to  resolve  the  rotational  structure  of  the  isotopic  2v3 
band  to  settle  the  identification. 

The  \'enus  spectra  give  information  on  (a)  the  CO^  abundance 
on  V’enus  ;  (b)  the  *®(’  ratio  ;  (c)  the  ratio  ;  (d)  the  hot 

bands. 

(a)  The  COj  abundance  is  found  from  the  relation  between 
Venus  baud  strength  and  laboratory  band  strength.  The  discussion 
is  limited  to  bands  of  the  ty])e  •  Sj  (i.  e.,  the  V3,  873,  and  5v3 
.series)  in  the  .spectral  region  1.20-1.(56  u.  for  which  the  Venus  photom¬ 
etry  (Figures  I  and  2)  is  satisfactory  and  the  range  of  available 
band  intensities  suitable.  So  far  only  the  laboratory  spectrum 
reproduced  in  Figure  9  was  used  for  the  comparison.  The  equivalent 
width  of  twelve  bands  and  one  band  were  determined 

from  planimeter  measures  on  the  original  tracings,  wth  allowance 
for  the  mean  ordinate  of  the  interpolated  continuum  at  each 
absorption  band. 

The  equivalent  widths  of  the  COg  bands,  in  Angstrom  units 
and  divided  by  X®,  are  recorded  in  Table  2  and  plotted  in  Figure  12. 
It  is  noted  that  the  strong  bands  are  stronger  in  the  laboratory 
spectrum  while  the  reverse  is  true  for  the  weaker  bands.  This  is 
explained  by  the  reduced  penetration  into  the  Venus  atmosphere 


288 


290 


Table  2 


Bquivalent  Widths  in  Wavelength  and  Freqttency  Units  of  C0|  Bands 
in  Venus  and  Laboratory  Spectra 


Band 

! 

EW  (Venus) 
(A) 

EW/X* 

'  (A/pi*) 

!  1 

EW(Lab.) 

(A) 

EW/X* 

(A/(z*) 

103 

42 

20 

43 

j 

30 

023  1 

30.3 

20 

33 

22 

401 

6.7 

4.2 

1 

0.7 

321  1 

16 

0.6  ! 

8 

241 

27 

16.6 

18 

^  10.4 

161 

l.'i 

'  8.4  ' 

5 

2.8 

003 

120 

63 

204 

00 

003* 

34 

16  i 

33 

15 

301 

61 

26 

87 

37 

221 

122 

40 

180 

72 

141 

1.54 

60 

236 

01 

061 

72.5 

27 

103 

38 

002** 

77 

16.6 

50 

12.7 

with  increasing  band  strength.  The  limiting  penetration  for  very 
weak  bands  may  be  used  to  define  the  observable  depth  of  the 
Venus  atmosphere.  The  curve  must  pass  through  the  origin  and 
is  presumably  not  tangent  to  the  y-axis  since  the  opacity  of  the 
Venus  atmosphere  in  red  and  infrared  light  between  the  CO,  bands 
is  not  due  to  Rayleigh  scattering  but  to  a  diffuse  cloud  of  particles, 
so  that,  as  see  i  in  the  weakest  bands,  the  cloud  layer  on  Venus 
limits  the  penetration.  The  slope  of  the  curve  near  the  origin  is 
about  6,  so  that  for  weak  bands  the  Venus  spectrum  corresponds 
to  about  6  X  80  meters  X  4  atm.  of  CO,  or  about  2  km  atm.  of 
CO,.  Since  the  line  absorptions  must  add  linearly  for  very  weak 
bands,  this  result  should  be  independent  of  pressure.  However, 
since  the  strength  of  the  CO,  absorption  on  Venus  is  variable,  both 
with  phase  and  from  day  to  day,  and  even  region  to  region  on  the 
planet  (Kuiper,  1962),  the  amount  of  CO,  found  only  applies  to 
the  date  of  observation.  A  somewhat  improved  value  of  the  CO, 
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abundance  may  be  found  from  comparison  with  Figure  10,  which 
has  4  times  the  CO*  equivalent  of  Figure  9.  The  weakest  bands 
in  Venus  are  still  somewhat  stronger  than  in  Figure  10,  indicating 
a  pathlength  of  about  2  km  atm.  for  Venus. 
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■  AND  STIICNOTHt  OF  CO|,  VCNUI  VS  LAS 


Fig.  12.  —  Relation  between  CO,  band  strength  in  the  Venus  spectrum 
(June  17,  1962)  and  a  laboratory  spectrum  similar  to  that  reproduced  in 
Figure  9.  Data  taken  from  Table  2.  Each  band  is  repreeented  by  a  dot. 
The  isotopic  band  3v,  of  “CO,  is  shown  as  a  cross  ;  the  2v,  band  of  **C“0**0 
is  shown  as  an  open  circle. 

(b)  Considerable  interest  attaches  to  the  abundance  ratio 
on  Venus.  On  the  Earth  this  ratio  is  1/89  and  in  some  R  stars  it 
reaches  a  value  as  high  as  1  /5,  and  in  some  X  stars  1  /2  (McKellar, 
1960).  The  equilibrium  ratio  attained  if  the  carbon-nitrogen  cycle 
of  nuclear  energy  production  were  operative  to  the  exclusion  of 
other  processes  is  1/4  if  the  H  abundance  is  greater  than  the 
C  abundance  (Caughlan  and  Fowler,  1962).  Fowler,  Greenstein,  and 
Hoyle  (1962)  attribute  the  terrestrial  isotope  ratio  to  an  incomplete 
nuclear  process  occurring  in  the  T  Tauri  stage  of  the  solu  nebtila. 
On  this  basis  the  isotope  ratio  on  Venus  might  be  higher,  owing 
to  the  greater  proximity  to  the  sun. 

The  3v,  isotopic  band  at  X  =  1.47  p.  is  the  strongest  available 
for  measurement  and  was  included  in  Table  2  and  Figure  12. 
Laboratory  spectra  with  increased  pathlengths  and  improved  defi- 
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nition  will  allow  an  extension  of  the  discussion  to  other  isotopic 
bands  shown  in  Venus,  particularly  103,  023,  061,  and  041. 

The  determination  of  the  isotope  ratio  from  direct  comparisons 
between  the  two  Sv,  bands  is  difficult  since  the  equivalent  path* 
length  in  the  Venus  atmosphere  depends  on  the  band  strength 
itself.  This  is  not  true  for  laboratory  spectra  since  the  pathlength 
traversed  is  necessarily  the  same  for  both  weak  and  strong  bands. 
However,  if  the  isotopic  band  fits  the  relationship  of  Figure  12, 
it  means  that  the  isotope  ratio  is  the  same  on  Venus  as  on  the 
Earth.  If  not,  the  equivalent  laboratory  intensity  of  the  isotopic 
Venus  band  may  be  found  and  the  abundance  ratio  determined 
from  laboratory  tests  with  different  pathlengths. 

It  is  seen  that  the  Sv,  isotopic  band  falls  closely  to  the  curve 
of  Figure  12.  The  estimated  precision  of  the  Venus  measure  is 
±10  per  cent,  corresponding  to  ±  20  per  cent  in  equivalent  width 
in  the  laboratory  intensity,  as  found  from  the  local  slope  of  the 
curve.  Within  this  precision,  the  isotope  ratio  of  ^*C/>*C  is  the  same 
on  Venus  and  on  the  Earth.  Better  precision  should  be  obtainable 
in  a  very  dry  winter  atmosphere. 

(c)  The  oxygen  isotope  ratio  ^*0/‘*0  can,  at  present,  be 
determined  from  one  band  only,  2v„  the  other  bands  being  too 
badly  blended  (of.  Table  1  and  the  spectral  records  reproduced). 
The  method  used  is  the  same  as  for  the  carbon  isotope  ratio,  i.  e., 
differentially.  Earth  vs.  Venus.  The  equivalent  width  of  the  band 
has  been  measured  on  Venus  spectrum  Figure  3  and  a  laboratory 
spectrum  taken  luider  similar  conditions  as  Figure  9.  The  resulting 
data  have  been  entered  in  Table  2  and  Figure  12.  It  is  seen  that 
the  isotope  ratio  is  equal  to  that  on  the  Earth  within  the  error 
of  measurement. 

(d)  The  hot  bands  arising  from  the  v,  level  IIh  (01  ^0)  are  quite 
prominent  in  the  Venus  spectrum  wherever  they  are  relatively  free 
from  blending.  The  best  case  is  023  H,  observed  in  the  laboratory 
by  Herzberg  and  Herzberg  (1963,  p.  1038),  and  well  shown  in  the 
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Venus  spectrum  on  our  Figures  1  and  5.  It  is  better  separated  from 
the  corresponding  cold  band  than  its  twin  member  of  the  diade, 
103,  also  well  shown  in  the  spectral  plate  reproduced  by  Herzberg 
and  Herzberg.  A  separate  laboratory  study  will  be  made  to  calibrate 
the  Venus  023  H  band  in  terms  of  temperature.  It  is  seen  by 
comparison  with  Figures  9  and  10  that  the  Venus  temperature  is 
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considerably  higher  than  the  laboratory  temperature  of  about 
30  )o  K. 

(e)  Of  interest  also  is  the  determination  of  the  maximum  CO 
content  in  the  Venus  atnyosphere.  consistent  with  the  spectra  here 
reproduced.  The  necessary  laboratory  comparisons  are  given  in 
Figures  13  and  14.  From  the  observed  strength  of  the  X  =  £.35  (x 
band  of  CO,  the  upper  limit  of  10  cm  atm.  NPT  is  found,  implying 
an  approximate  upper  limit  of  one-fourth  of  this  amount  for  a 
vertical  column  in  the  Venus  atmosphere.  The  (3,0)  band  of  CO 
was  also  observed  in  the  laboratory  but  it  is  an  order  of  magnitude 
weaker  than  the  (2,0)  band  and  has,  moreover,  the  same  wave¬ 
length  as  the  (22*1)  band  of  CO*  at  1.575  |x.  It  is  therefore  unsuitable 
for  the  determination  of  the  CO  content  of  Venus.  The  upper  limit 
of  about  3  cm  for  the  Venus  atm.osphere  represents  an  advance  of 
about  30  X  in  the  tbresli  i.mit  compared  to  the  author’s  1948 
result. 

In  the  more  extensive  publication  referred  to  (Communications 
of  the  Lunar  and  Planetary  Laboratory  No.  15)  the  related  problem 
is  considered  of  the  relative  efficiency  of  a  one-channel  infrared 
spectrometer  as  used  here  and  a  Michelson-type  interferometer.  It 
is  shown  that  the  advantages  claimed  for  the  interferometer  for 
stellar  sources  are  not  real. 
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25.  —  INFRARED  OBSERVATIONS  OF  VENUS 


WnxiAM  M.  SINTON 
LoweU  Obaervatory,  U.  S.  A. 

This  paper  presents  most  of  the  infrared  observations  of  Venus 
made  by  the  author  since  1058.  They  have  been  made  within  most 
of  the  transparent  atmospheric  «  windows  »  between  1  and  13  p. 
All  observations  have  been  made  with  the  42-inch  Lowell  reflector. 

Spectroscopic  Studies,  1  —  4  p 

The  lithium  fluoride  prism  spectrometer  with  liquid-nitrogen- 
cooled  lead  sulfide  detector  which  has  already  been  described  (*•  *) 
has  been  used  for  spectra  of  the  nearer  planets.  The  spectrum  of  the 
Sun  (Fig.  1)  which  was  obtained  by  using  an  aluminum  scatter 
plate  f}),  is  useful  for  comparison  with  the  spectrum  of  Venus  for  it 
represents  the  radiation  impinging  on  a  planet  as  well  as  giving 
ready  reference  to  location  and  strengths  of  absorption  bands 
imposed  by  the  terrestrial  atmosphere  The  radiation  of  Venus  in 
the  1 — -4  p  region  appears  to  be  primarily  reflected  sunlight  modified 
by  absorption  bands  in  the  Venus  atmosphere.  One  may  obtain  the 
absorptions  characteristic  of  the  planetarj^  atmosphere  merely  by 
dividing  the  spectrum  of  Venus  by  the  Sun’s  spectrum,  both  being 
taken  with  identical  conditions  such  as  air  mass,  atmospheric  water 
vapor,  and  instrumental  slit  width. 

Many  bands  of  carbon  dioxide  designated  by  circles  in  Figure  2 
are  apparent  in  this  region  and  have  previously  been  discussed  by 
Kuiper  (*).  The  band  at  1.47  p  Figure  2  is  worthy  of  note,  in  that  it 
is  produced  by  C^®0  j.  It  may  eventually  be  possible  to  determine  the 
C‘*  to  C**  ratio  from  this  band  and  the  C**  bands  when  spectra  of 
higher  resolution  are  obtained.  It  is  not  possible  now  because  of 
the  severe  interference  by  water- vapor  absorption  at  1.47  p. 

Carbon  monoxide  if  present  on  Venus  should  produce  absorp- 
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Fip.  1.  —  Spectra  of  Venus  and  the  sun,  which  were  obtained  at  low  resolution 
in  order  to  ascertain  the  spectrum  of  Venus  relative  to  that  of  the  sun. 

tion  in  its  2  —  0  band  at  2.346  p.  I  have  taken  a  number  of  spectra 
covering  the  region  of  the  2.346-[x  band  in  an  effort  to  determine 
the  amount  of  CO  present.  Figures  2  and  3  show  spectra  of  Venus 
having  a  resolution  equal  to  0.008  p,  (15  cm“^)  at  the  wavelength  of 
this  band.  The  band,  resolved  into  its  P  and  R  branches,  appears  to 
be  present  in  these  spectra.  Figure  4  shows  at  the  top  the  mean  of 
6  spectra  of  Venus  which  were  obtained  with  a  resolution  of  0.013  p 
and  better  signal-to-noise  ratio.  The  lower  curves  of  Figure  4  are 
laboratory  spectra^^with  79  cm-atmo  of  CO  at  a  pressure  of  7.1  cm 
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of  Mercury  introduced  into  the  path.  There  is  some  indication  of 
the  P  and  R  branches  of  this  band  in  the  Venus  spectrum,  but  the 
shape  of  the  band  agrees  only  poorly  with  the  laboratory  spectra. 
Though  it  seems  definite  that  something  is  absorbing  at  this  wave¬ 
length,  it  is  not  certain  that  it  is  carbon  monoxide.  The  observations 
were  made  on  February  24,  1961  when  Venus  had  a  phase  angle, 
t  =  108®  and  the  slit  during  these  observations  approximately 
traversed  the  center  of  this  crescent  at  90®. 


Fig.  2.  —  A  spectrum  of  Venus  obtained  at  high  resolution  and  which 
illustrates  the  many  CO,  bands,  indioated  by  circles,  which  are  found. 

At  the  time  of  the  inferior  conjunction  of  Venus  with  the  Sun 
in  1961  it  was  possible  to  measure  the  effective  temperature  on  the 
dark  hemisphere  of  Venus  by  measuring  the  emission  at  3.76  jx. 
The  spectrometer  was  set  at  this  wavelength  and  the  slit’s  width 
and  effective  length  were  1  mm,  which  corresponds  to  a  square 
36.3  seconds  of  arc  on  a  side  at  the  scale  at  the  slit  of  the  spectro¬ 
meter.  The  observed  effective  temperatures  of  Venus  and  Mercury 
are  given  in  Table  I.  Calibration  was  made  by  the  difference  in 
emission  of  a  blackbody  source  at  36®  C  and  the  ambient  tempera¬ 
ture  of  the  spectrometer  (about  10®  C).  But  during  the  first  measure¬ 
ments  on  April  12,  the  calibration  devices  were  not  prepared  and 
the  reference  measurements  were  made  to  the  emission  from  my 
finger  (assumed  to  be  28®  C).  Though  this  method  of  calibration  may 
seem  quite  rough,  it  is  emphasized  that  a  60  %  error  in  the  observed 
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Fig.  3.  —  Spectra  of  VenuB,  sun,  and  the  moon.  The  8p)ectrum  of  Venus  shows 
a  band  which  may  be  produced  by  carbon  monoxide.  The  sharp  dip  in  the 
lunar  spectrum  was  due  to  a  guiding  error. 

Venus  deflection  or  in  the  calibration  deflection  produces  only  a  6® 
error  in  the  temperature  of  Venus. 

The  observed  Mercury  temperatures  have  been  reduced  to 
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subsolar  temperatures  by  the  method  used  by  Pettit  and  Nichol¬ 
son  {*)  and  later  by  Strong  and  Sinton  (®).  This  method  of  determi¬ 
ning  the  subsolar  temperature  from  the  effective  temperature  for 
the  entire  disk  assumes  that  the  incident  solar  radiation  is  distri¬ 
buted  over  the  surface  according  to  the  cosine  of  the  angle  between 


Fig.  4.  —  The  mean  of  six  Venus  spectra  after  division  by  the  spectrum 
of  the  moon.  There  is  perhaps  an  indication  of  the  CO  band  but  the  agreement 
in  shape  with  the  two  laboratory  CO  spectra  beneath  it  is  poor.  The  labora¬ 
tory  spectra  were  made  of  a  8.5  meter  path  of  CO  at  a  total  pressure  of  7. 1  cm 
of  mercury  and  at  the  temperatures  indicated.  In  the  Venus  sjjectrum  the  dip 
at  2.42  |x  may  be  a  real  featiue. 

the  surface  normal  and  the  direction  to  the  sun.  It  is  then  assumed 
that  the  total  heat  radiation  at  any  point  on  the  surface  will  have 
the  same  distribution.  Since  the  3.75  jx  measurement  is  in  no  way  a 
measurement  of  total  radiation,  this  reduction  is  not  correct. 
However,  a  calculation  for  the  case  t  =  0  indicates  that  it  is  not 
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grossly  in  error  but  only  by  10®.  The  subsolar  temperatures  have 
also  been  corrected  to  Mercury-Sun  distance  of  0.387  A.  U. 

The  mean  of  the  Venus  temperatures  in  Table  I  is  236®K.  This 
is  within  experimental  error  of  the  8  —  13  (x  temperatures  deter¬ 
mined  by  Pettit  and  Nicholson  (*)  and  Strong  and  Sinton  (“). 

Table  I 

Temperatures  of  Venus  and  Mercury  Measured  at  3.7  (i 


Dat«  r.  T. 

Venus 

(dark  hemisphere) 

Mercury 

(effeetiv'e 

temperature) 

Mercury 
(Calculated  sub¬ 
solar  temperature 
at  0.387  A.U.) 

April  12 

2270  K 

457“  K 

582“  K 

April  15 

242 

474 

580 

April  17 

23S 

487 

580 

Table  II 


A 

Kraction  of 
.Solar  Energy,/ 

I 

Albedo.  A 

/  X  A 

0-3500  A 

0.070 

(0.40) 

0.028 

3500-4000  (U) 

0.053 

0.53 

0.028 

4000-5000  (B) 

0.128 

0.78 

0.098 

5000-6000  (V) 

0.129 

0.87 

0.112 

6000-12000 

0.428 

(0.87) 

0.372 

12000- l.-.OOO 

0.074 

(0.75) 

0.056 

15000-19000 

0.053 

(0.52)  ; 

0.028 

19000-27000 

0.040 

(0.40)  , 

0.016 

27000- 

0.027 

(0.15) 

0.004 

Total  Albedo 

0.734 

Tbmpbratube  Determinations 

The  infrared  pyrometer,  which  has  been  previously  described(^) 
has  been  employed  for  a  series  of  measurements  of  the  efiFective 
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temperature  of  the  entire  disk  of  Venus.  In  this  series  a  focal-plane 
aperture  was  used  that,  depending  on  the  apparent  diameter  of  the 
planet,  was  large  enough  to  pass  the  whole  image  including  seeing 
excursions.  Thus  during  the  series  the  aperture  size  varied  between 
H"2  and  58"3.  The  aperture  used  for  observing  the  comparison 
blackbodies  was  usually  the  next  smaller  aperture  size  in  order  that 
it  was  more  nearly  the  actual  size  of  the  Venus  image.  The  measu¬ 
rements  were  made  with  the  setting  first  in  one  and  then  in  the 
other  of  two  apertures  of  the  instrument.  Usually  about  10  pairs  of 
readings  in  this  manner  were  taken  and  readings  on  the  blackbodies 
were  made  at  the  beginning  and  the  end  of  the  series  of  readings. 
The  whole  extent  of  a  day’s  measurements  was  about  one  hour 
which  was  generally  with  the  planet  close  to  the  meridian.  Obser¬ 
vations  were  made  on  70  days  in  the  period  1958-1961  with  the 
majority  concentrated  in  1959. 

Unfortunately  many  of  these  observations  were  afflicted  by  an 
instability  in  the  pjTometer  that  was  subsequently  discovered  (*). 
The  observations  that  were  so  affected  have  been  corrected  where 
possible  by  adjusting  the  scale  so  that  the  temperature  of  the  sub¬ 
solar  point  of  the  Moon  or  other  established  lunar  temperatures 
came  to  their  established  values  if  such  lunar  observations  were 
made  on  the  same  day.  Other  luicorrected  observations  were 
rejected.  The  fault  in  the  pyrometer  was  corrected  in  Septembei 
1959  and  ail  observations  made  subsequent  to  this  time  have  been 
retained.  Of  the  27  observations  that  were  retained  15  were  made  in 
a  1.5  [jL  band  at  8.8  p.  while  the  remainder  were  made  in  a  similar 
band  at  11.9p.  The  mean  temjDerature  for  the  series  is  235. 1°K. 
The  standard  deviation  of  an  observation  on  a  single  day  from  the 
mean  is  G.S^K. 

One  deviation  was  outstanding  —  that  of  September  29,  1960 
when  a  temperature  of  257‘’K  was  found.  This  deviation  is  more 
than  3  times  the  standard  deviation  and  if  it  is  eliminated  the 
mean  temperature  is  234.3°,  and  the  standard  deviation  for  one 
observation  becomes  5.4oK.  That  there  was  no  substantial  syste- 
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matic  error  in  the  observation  on  September  29,  1960  is  shown  by 
the  fact  that  essentially  normal  temperatures  for  Mercury,  Moon, 
Mars,  Jupiter,  and  Saturn  were  obtained  on  the  same  day.  It  is 
believed  that  this  observation  offers  evidence  of  a  real  variation  of 
the  effective  radiating  temperature  of  Venus.  Another  example  of 
a  probably  real  variation  is  in  the  published  observations  of  Pettit 
and  Nicholson  and  Coblentz  and  Lampland.  The  highest  tempera¬ 
ture  found  by  Pettit  and  Nicholson  (•)  was  257“K  observed  on 
August  29,  1924,  while  4  days  earlier  Coblentz  and  Lampland  (*) 
found  330®  K.  An  inspection  of  Lampland’s  observing  books  shows 
that  he  found  in  later  observations  water-cell  transmissions  and 
therefore  temperatures  in  agreement  with  those  observed  by 
Pettit  and  Nicholson.  Lampland  has  referred  to  the  variability  in 
emission  from  Venus  (‘®). 

The  remainder  of  the  70  days  of  observation,  which  are  not 
included  in  Table  II,  do  not  show  large  variations  from  the  included 
ones.  We  may  conclude  that  Venus  generally  has  quite  constant 
effective  radiating  temperature  but  occasionally  may  have  substan¬ 
tial  variation. 


Discctssion 

The  spectra  of  Figure  1  may  be  used  to  evaluate  the  dependence 
of  the  Venus  albedo  on  wave  length.  In  Figure  6  the  spectrum  of 
Venus  has  been  divided  by  the  spectrum  of  the  Sun.  From  the  wave 
length  variation  of  reflectivity  obtained  from  Figure  6  it  is  possible 
to  make  an  estimate  of  the  albedo  for  the  solar  energy  curve.  The 
albedos  from  UBV  photometry  found  by  Knuckles,  Sinton,  and 
Sinton  (“)  are  used  as  the  basis.  They  found  A^  =  0.53,  Ag  = 
0.78,  and  Ay  =  0.87  for  the  observations  through  the  U,  B,  and  V 
filters  respectively.  The  albedo  in  the  region  6000  —  12000  A  is 
assumed  to  be  identical  to  the  albedo  found  for  the  V  filter.  From 
this  datum  and  the  spectra  presented  in  Figure  5  the  albedos  are 
then  weighted  according  to  the  solar  energy  distribution.  The 
calculations  are  made  in  Table  II. 
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From  the  derived  solar  albedo,  0.73,  the  efifective  radiation 
temperature  of  the  planet  may  be  derived  with  the  formula 


=  394 


(2r)Vi. 


“K  where  A,  is  the  solar  albedo  and  r  is 


the  Venus-Sun  distance  in  A.  U.  From  this  formula  one  finds 
Tgfl  =  234"  K  in  exact  agreement  with  the  [observed  mean  radio- 
metric  temperature. 


Fip.  5.  —  The  Venii-s  spectrum  of  Fig.  1  dividetl  by  the  solar  spectrum.  The 
dashed  portions  vere  not  determined  becau.se  of  the  presence  of  strong 
atmospheric  bands. 


The  agreement  of  the  theoretical  temperatures  with  that 
observed  in  the  8  —  13  p.  region  means  that  in  the  unobserved 
region  beyond  13  p  to  about  30  or  40  p  the  effective  radiating  tempe¬ 
rature  is  the  same  as  that  which  applies  in  the  short  wave  length 
region  ;  otherwise  an  imbalance  of  the  heat  budget  would  have  to 
occur. 

The  more-or-less  stepwise  decrease  of  albedo  in  the  infrared 
region  suggests  the  possibility  that  water  in  the  form  of  ice  crystals 
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ia  present  in  the  atmosphere.  In  ioe  the  near  infrared  bands  of  the 
HjO  molecule  are  found  to  be  shifted  to  longer  wave  length  and 
perhaps  to  be  broadened.  Because  observations  cannot  be  made 
sufficiently  accurately  within  the  terrestrial  water  bands  a  step 
wise  appearance  to  the  reflection  spectrum  may  result.  The  absorp¬ 
tion  coefficient  of  ice  at  3.08  (x  (the  same  band  that  shows  up  at 
2.7  [i  in  the  vapor  form)  is  3000  cm”^.  Thus  scattering  from  3  (x  par¬ 
ticles  is  expected  to  be  much  reduced  compared  to  shorter  wave 
lengths  where  the  absorption  coefficient  is  less,  thus  partly  explai¬ 
ning  the  low  albedo  which  is  found  beyond  2.7  [x.  A  difficulty  with 
this  interpretation  of  the  stepwise  decrease  of  albedo  as  due  to  ice 
is  that  at  3.4  jx,  where  the  albedo  is  still  low,  ice  may  not  have 
sufficient  absorption. 

If  clouds  are  responsible  for  the  atmospheric  opacity  at  10  [x 
and  also  at  3.7.5  pi,  we  maj  make  an  estimate  of  the  cloud  cover. 
For  the  sake  of  argument  it  is  assumed  that  radiation  from  beneath 
the  clouds  is  equivalent  to  a  blackbody  at  400oK.  We  neglect  the 
contribution  of  the  gaps  in  the  clouds  to  the  radiation  at  10  fx  and 
consider  only  their  contribution  at  3.75  |x.  At  this  wave  length  the 
flux  from  a  400o  source  is  1200  times  that  from  a  236°  source. 
If  the  ob.served  temperature  is  increased  by  5°,  the  observed  flux 
is  nearly  doubled.  Thus  gaps  in  the  cloud  cover  must  have  an  area 
less  than  0.1  On  the  other  hand,  to  increase  the  radiation 
observed  at  11.9  (x  to  that  corresponding  to  257°K  as  found  on 
September  29,  1960  gaps  in  the  cloud  cover  amounting  to  5  % 
would  be  required. 

This  research  has  for  the  most  part  been  supported  by  Con¬ 
tract  AF  19(606)-5874  with  the  Air  Force  Cambridge  Research 
Laboratories.  Bedford,  Massachusetts. 
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26.  —  ON  THE  QUESTION  OP  THE  PRESENCE  OP 
OXYGEN  IN  THE  ATMOSPHERE  OP  VENUS 

V.  K.  PROKOFJEV  and  N.  N,  PETROVA 
Crimean  Aetrophysical  Observatory,  V.8.S.R. 

There  were  several  attempts  to  find  absorption  bands  of  the 
molecular  oxygen  O,  in  the  Venus  spectrum  with  the  dispersions  of 
the  spectrum  3^/mm  (*),  5.6^/mm  (*)  and  1.7-2.6^/mm  (•)  Using 
*  — ,  B  —  and  A  —  bands  near  6300  A,  6900  A  and  7600  A  respec¬ 
tively. 

The  Doppler  shifts  in  the  Venus  spectra  were  sufficient  to 
separate  absorption  bands  of  Venus  oxygen  from  telluric  bands,  but 
no  absorption  was  found  out. 

The  following  circumstances  must  be  taken  into  account  when 
considering  the  question  of  spectroscopic  discovering  of  Venus 
oxygen. 

1.  Only  upper  part  of  the  Venus  atmosphere  which  is  above 
the  cloud  layer  is  available  to  optical  observations  ;  so  the  possible 
amount  of  oxygen  must  not  be  large,  and  only  weak  absorption 
band  is  to  be  awaited. 

2.  Telluric  absorption  bands  of  oxygen  differ  greatly  in  their 
absorption  coefficients.  It  is  equal  to  1  ;  2.6  ;  35  {*)  for  a  — ,  B  —  and 
A  —  bands  respectively.  So  the  bands  A  —  and  B  —  have  large 
wings  and  a  —  bands  on  the  contrary  are  very  narrow  and  often 
are  used  for  investigation  of  apparate  function  of  the  Solar  spectro¬ 
graphs. 

3.  For  discovering  weak  absorption  bands  (with  small  equi¬ 
valent  width)  very  essential  are  the  width  of  the  slit  of  the  spectro¬ 
graph,  the  linear  dispersion  of  the  spectrograph  and  the  resolving 
power  of  the  used  photographic  plate.  When  the  slit  is  too  wide,  the 
weak  absorption  band  may  disappear  among  fluctuations  of  the 
grain  of  the  photoemulsion.  These  circumstances  were  taken  into 
account  in  the  present  investigation. 
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During  the  year  1061  the  spectra  of  Venus  were  taken  using 
eohelle  spectrograph  of  the  Solar  tower  of  the  Crimean  Astrophysical 
Observatory  (*). 

This  spectrograph  had  linear  dispersion  of  1  A/mm  in  the  region 
of  oxygen  a  —  bands.  Table  1  gives  conditions  of  photographing, 
spectral  width  of  the  slit  of  the  spectrograph  and  the  value  of  the 
Doppler  shift  calculated  from  change  of  the  heliocentric  distance 
and  measured  on  the  spectra. 


Table  1 


Date 

1961 

im 

Exposure 

time 

AX 

A 

Calc.  i  Measur. 

Plate 

26,02 

0,17 

S'*  00“ 

"“*0,251 

—0,252 

103aF 

16,08 

0,17 

ll'S.'im 

-0,237 

— 

103a£ 

20,08 

0,12 

2010m 

-0,233 

-r  0,231 

— * — 

22,08 

0,08 

2010“ 

-f- 0,230 

-f  0,233 

— « — 

23,08 

0,08 

2025“ 

- » - 

20.10 

0.08 

1030” 

21,10 

0,08 

1030“ 

-  0.147 

— 

In  February  only  one  spectrum  available  for  photometric 
measures  was  taken  because  of  weather  conditions. 

The  same  sort  of  photographic  plates  was  used  for  taking 
Solar  spectrum  on  the  height  of  15®  above  the  horizon,  the  spectral 
width  of  the  slit  being  0.17  and  0.08A  and  exposure  time  0!2.  The 
intensity  scale  was  taken  with  the  same  exposure  times  for  the 
Venus  and  Solar  spectra. 

10  lines  of  P-branch  of  a  —  band  of  the  oxygen  chosen  for  the 
detailed  photometry  are  given  in  the  table  2.  In  the  same  table 
the  complete  list  of  the  solar  and  atmospheric  lines  which  are  near 
the  oxygen  lines  is  given  according  to  Revision  of  Rowland  preli¬ 
minary  table  and  (*). 

The  work  (^}  presents  the  complete  list  of  atmospheric  bands  of 
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water  vapor  observed  in  Solar  spectrum  when  the  sun  is  low  above 
the  horizon. 

The  intensities  of  lines  taken  from  (*)  and  reduced  to  the 
Rowland’s  intensity  scale  are  taken  in  brackets  as  not  very  certain. 

During  the  photometer  measures  the  densities  were  taken 
with  the  step  of  0.01  A  and  converted  into  intensities  using  respec¬ 
tive  characteristic  curves  ;  then  the  profiles  of  each  two  pairs  of 
oxygen  lines  were  traced.  On  these  tracings  the  places  of  atmos¬ 
pheric  and  Solar  lines  were  marked.  For  each  profile  of  telluric 
oxygen  line  the  centers  were  determined  and  all  profiles  were 
reduced  to  the  same  depth  taken  as  a  unity.  Then  according  to  the 
centers  the  profiles  were  laid  on  each  other  so  that  an  average 
profile  was  obtained  ;  the  same  method  was  used  in  C)  for  B-bands 


when  attempting  to  find  out  Martian  oxygen.  Such  kind  of  operation, 
minimizing  fluctuation  of  the  photographic  grain  and  averaging  all 
Solar  and  atmospheric  lines  which  are  on  different  distances  from 
the  lines  of  telluric  oxygen  does  not  weaken  the  lines  of  Venus 
oxygen  whose  place  is  caused  by  the  same  Doppler  shift  for  each 
line. 
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The  separate  lines  of  the  P-branch  of  oxygen  a  —  band  are 
presented  as  the  doublets  with  the  distance  of  0.75-0.82  A.  So  when 
their  profiles  were  laid  on  each  other  one  could  not  obtain  the  wings 
of  the  average  profile  farther  than  0.4  A  from  its  center. 

Fig.  I  shows  the  average  profile  of  the  lines  1-10  (see  table  2) 
for  the  Solar  spectrum.  Ordinate  is  the  distance  AX  from  the  center 
of  the  line  in  A,  +  meaning  red  side  of  the  spectrum.  On  the  top 
of  the  Fig.  1,  the  places  of  the  Solar  (®)  and  atmospheric  (a)  lines 
in  the  neighbourhood  of  the  telluric  lines  are  marked. 

As  one  could  expect  (*)  the  profiJe  thus  obtained  is  essentially 
symmetrical.  Some  fluctuations  of  the  phone  in  the  wings  may  be 
caused  by  the  close  groups  of  weak  Solar  and  atmospheric  lines,  but 
they  may  also  be  the  residual  fluctuations  of  grains  of  the  photo¬ 
emulsion. 


Figs.  2-4  show  average  profiles  of  the  telluric  lines  1,  2,  4-10 
(in  Fig.  2  and  3)  and  1-4,  6-8  (Fig.  4). 
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Fig.  2.  is  the  mean  from  the  spectra  taken  22  and  23  August, 
Fig.  3  —  for  October  20  and  21,  Fig.  3  —  for  August  20.  On  the 
tope  of  the  figures  the  position  of  the  Solar  and  atmospheric  lines  is 
shown,  taking  into  account  Doppler  shifts  for  the  Solar  lines.  As  well 
as  for  the  profile  on  the  Fig.  1,  there  is  no  blending  lines  in  the 
middles  of  the  profiles  on  the  Fig.  2  and  4.  So  the  profile  must  be 
symmetrical. 

Dashed  line  is  the  symmetrically  traced  profile  according  to 
its  short-wave  side  ;  it  is  obvious  that  the  red  wing  of  the  profile 
has  a  distinct  depression.  The  calculated  difference  between  obser¬ 
ved  and  symmetricaUy  traced  profiles  is  presented  in  the  top  of  the 
drawing.  This  depression  has  two  maxima. 

The  first  is  on  the  distance  of  AX  =  -f  0.10  A  and  may  be 
caused  by  the  close  group  of  4  weak  Solar  lines  vdth  Rowland  inten¬ 
sities  —  3  (three  of  the  lines)  and  —  2.  Only  the  atmospheric  line 
of  oxygen  isotope  0,jO,g  with  AX  =  -f  0.16  A  is  near  the  second 
maximum.  The  concentration  of  this  isotope  in  the  earth  atmosphere 
is  1/600  (see  (*)  and  (')).  Besides  that  this  line  is  weakened  by 
averaging.  The  only  possible  explanation  remains :  as  this  maximum 
is  near  AX  =  -f  0.23  A  which  corresponds  to  Doppler  shift  (see  the 
arrow)  of  Venus  spectrum  in  the  time  of  observation,  one  may 
suppose  that  this  maximum  is  caused  by  the  weak  absorption  band 
of  Venus  oxygen. 

Fig.  3  corresponds  to  another  value  of  Doppler  shift,  and  the 
location  of  Solar  lines  (®)  is  another. 

The  group  of  4  Solar  lines  is  close  to  the  middle  of  the  profile 
and  only  makes  it  a  little  deeper  without  disturbing  its  symmetry. 
One  may  notice  a  certain  depression  in  the  red  side  of  the  line  in 
comparison  with  its  symmetrical  shape  (dashed  line).  This  depres¬ 
sion  is  presented  in  the  top  of  the  drawing  as  the  difference  between 
observed  and  symmetrical  profile.  The  above  mentioned  line  of  the 
isotope  of  earth  oxygen  as  well  as  in  the  cases  of  figures  2  and  4 
cannot  cause  this  depression.  The  location  of  maximum  of  this 
depression  corresponds  to  Doppler  shift  AX  =  -|-  0.16  A  in  the 
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Venus  spectrum  for  October  20  and  21.  So  in  this  case  the  observed 
depression  may  be  also  explained  as  the  O,  absorption  in  the  Venus 
atmosphere. 

Observed  displacement  of  the  maximum  of  the  depression 
from  -f-  0.23  A  to  -f- 0.15  A  confirms  the  suggestion  about  the 
presence  in  the  spectrum  of  Venus  weak  absorption  band  of  oxygen. 

It  is  of  interest  to  confront  considered  profiles  with  the  profile 
for  February  26,  when  the  Doppler  shift  is  negative.  But  it  may  be 
only  qualitative  comparison.  First  of  all,  we  have  only  one  spectrum, 
then  it  is  taken  by  the  large  width  of  the  slit  (0.17  A)  that  makes 
impossible  its  comparison  with  the  profiles  on  Fig.  2-4  ;  only  the 
spectrum  of  August  16  taken  with  the  same  slit  width  is  suitable 
for  such  comparison. 


fi/.S 


Besides  that,  there  are  6  water  vapor  lines  on  the  short-wave 
side  of  the  averaged  profile  that  prevents  from  the  identification 
of  depression  if  it  is  discovered  on  this  side  of  the  profile. 

However  one  may  carry  out  a  certain  very  approximate  compa¬ 
rison.  The  averaging  of  the  profile  for  February  26  was  made  with 
the  exception  of  all  oxygen  lines  which  have  water  vapor  bands  on 
the  short  wave  sides  of  their  profiles  ;  the  remaining  lines  (2,  6,  7) 
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were  averaged  (See  table  2).  It  is  evident  that  such  averaging 
of  3  lines  cannot  considerably  minimize  the  role  of  granulating  of 
photoemulsion. 

On  the  hg.  5  the  comparison  of  average  profiles  for  August  16 
(lines  1-8)  and  February  26  (lines  2,  6,  7).  The  noticeable  asymmetry 
on  the  short  wave  side  of  the  profile  for  February  26  (the  symme¬ 
trical  profile  according  to  the  red  side  is  traced  with  the  dashed 
line)  is  caused  with  the  location  of  the  four  Solar  lines  ;  three  of 
them  are  of  the  intensity  —  3  according  to  Rowland  and  the 
fourth-2  N  ;  another  cause  of  the  depression  may  be  the  presence 
of  absorption  band  in  the  Venus  atmosphere  corresponding  to  the 
Doppler  shift  of  AX  =  —  0.25  A.  The  profile  for  August  16  is  traced 
with  the  dot  line. 

The  comparison  of  these  two  profiles  makes  evident  the  dis¬ 
placement  of  the  depression  from  long-wave  wing  of  the  profile  of 
August  16  to  the  short-wave  wing  of  the  profile  for  February  26. 

That  may  qualitatively  confirm  suggestion  about  the  presence 
of  the  weak  oxygen  absorption  in  the  Venus  spectrum. 

The  supposition  remains  that  the  mentioned  asymmetry 
located  according  to  the  Doppler  shift  of  Venus  spectrum  may  be 
connected  with  the  presence  of  lines  of  Solar  spectrum  which  are 
exactly  behind  the  lines  of  telluric  oxygen  and  appear  when  the 
Solar  spectrum  is  shifted  by  reflection  from  moving  body. 

To  verify  this  suggestion  the  spectra  of  eastern  and  western 
Solar  limbs  were  taken  using  the  IV  order  of  diffraction  grating 
providing  the  dispersion  of  0.25  A/mm  with  ^the  spectral  width 
of  the  slit  0.017  A.  The  detailed  examination  of  the  profiles  did  not 
show  any  noticeable  asymmetry  in  the  wings  of  the  lines  of  teUvuic 
oxygen. 

Thus,  the  observed  effect  in  the  spectrum  of  Venus  must  be 
due  to  absorption  in  its  atmosphere.  The  quantitative  estimate  of 
the  amount  of  oxygen  in  the  Cyterian  atmosphere  would  be  prema¬ 
ture  :  it  is  necessary  to  continue  the  investigations  in  the  short- 
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wave  side  of  the  telluric  linos  during  the  time  of  approaching  of 
Venus  to  the  Earth. 

The  authors  are  very  grateful  to  Professor  A.  B.  Severny,  who 
was  the  initiator  of  the  present  work,  for  his  constant  attention  and 
useful  discussions.  We  want  also  to  thank  Mrs  N,  E.  Orlova  for  her 
assistance  in  observations  and  measurements. 
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321 


27.  —  SPECTROSCOPIC  TEMPERATURE  AND  PRESSURE 
MEASUREMENTS  FOR  THE  VENUS  ATMOSPHERE 


Hybom  8PINRAD 
Division  of  ths  Space  Sciences 
Jet  Propulsion  Laboratory,  U.  S.  A. 

Abstract 

The  rotation- vibration  band  of  carbon  dioxide  at  X'7820  has 
been  analyzed  on  ten  Mount  Wilson  spectrograms  of  Venus.  The 
spectroscopic  data  covers  the  phase  interval  from  SI"  to  113o. 
The  rotational  temperatures  are  derived  in  the  usual  way  by  use  of 
the  Boltzman  equation  :  T^^,  varies  from  about  -f  220oK  to  440®K. 

Total  pressures  in  the  Venus  atmosphere  have  been  derived  by 
means  of  the  measurement  of  line  profiles  for  individual  rotational 
lines  in  the  X  7820  CO  j  band.  The  derived  pressures  are  the  first  direct 
measurements  of  pressure  in  the  lower  Cytherean  atmosphere  ;  they 
are  considerably  higher  than  other  recent  pressure  estimates  for  the 
'reflecting  cloud’  level.  The  pressure  i  derived  from  the  small  J 
rotational  lines  average  about  2  atmospheres  and  increase  with 
larger  J  values  to  about  5  atmospheres.  This  result  is  to  be  expected 
in  a  region  of  increasing  temperature  and  pressure  with  decreasing 
altitude. 

There  is  a  good  correlation  between  the  «  effective  »  mean  tem¬ 
peratures  and  the  «  effective »  pressures,  in  the  sense  that  high 
temperatures  go  with  high  pressures  and  vice  versa.  This  statement 
implies  a  high  pressure  and  a  high  temperature  for  the  C3rtherean 
surface. 

A  comparison  of  the  Venus  spectra  and  laboratory  CO|  spectra, 
kindly  loaned  by  6.  Herzberg,  indicates  that  the  X  7820  band  CO« 
abundance  on  Venus  may  be  about  2  km-atm  above  the  reflecting 
surface.  This  amount  of  carbon  dioxide  is  compatible  with  an  atmos¬ 
pheric  composition  of  about  5  %  CO,  by  mass. 
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28.  —  THE  STRUCTURE  OF  THE  VENUS  ATMOSPHERE 


L.  D.  Kaplan 
Spcuie  Sciences  Division 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology,  U,  S.  A. 

Abstract 

Spinrad’s  analysis  of  the  Adams  and  Dunham  spectrograms 
indicates  very  high  temperatures  deep  in  the  Venus  atmosphere,  in 
agreement  with  an  interpretation  of  the  centimeter  emission  as 
originating  from  a  hot  ground  surface.  Closer  examination  of  the 
spectrograms  substantiates  this  interpretation  in  a  spectacular 
fashion.  Inspection  of  the  data  shows  that  for  each  plate  there  are 
two  intensity  maxima,  one  at  about  J  =  16  and  the  other,  except 
for  Ce  1766,  at  J  —  24  to  26.  The  J  =  16  maximum  corresponds  to 
an  effective  rotational  temperature  of  about  300®K,  the  J  =  26 
maximum  to  an  effective  rotational  temperature  of  about  TOO^K. 

The  obvious  cause  of  the  double  maxima  is  a  cloud  layer  at 
some  level  whose  temperature  is  considerably  in  excess  of  30CK>K, 
say  at  about  360  to  400^K.  This  cloud  cannot  of  course  be  COj  or 
H,0  ;  and,  in  order  to  reflect  near-infrared  radiation  as  effectively 
as  it  does,  must  be  quite  opaque  to  far-infrared  radiation.  The  cloud, 
and  the  gas  from  which  it  presumably  condenses  are  undoubtedly 
of  considerable  importance  in  providing  part  of  the  greenhouse 
effect  that  is  necessary  to  maintain  surface  temperatures  in  excess  of 
TOOoK. 

The  Venus  spectra  from  8  to  12  microns  obtained  by  Sinton 
and  Strong  indicate  a  high  cloud  layer  with  cloud-top  temperature 
less  than  236<’K.  This  may  be  the  visible  cloud  top.  If  so,  the  Regu- 
lus  occultation  measurements  indicate  that  it  is  at  a  pressure  of 
less  than  a  tenth  of  an  atmosphere,  that  is,  less  than  one  per  cent  of 
the  surface  pressure. 

The  cloud  stratification  makes  Spinrad’s  estimate  of  the  five 
per  cent  abundance  of  COg  by  mass  a  lower  limit.  How  much  ot  an 
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underestimate  it  is  will  depend  on  the  reflectivity  of  both  cloud 
layers  especially  the  upper  one  to  X  7820  radiation. 

It  should  be  noted  that  the  rotational  temperatures  refer  only 
to  the  sunlit  portion  of  the  planet.  The  phase  variation  of  the  centi¬ 
meter  wave  radiation  indicates  a  temperature  difference  of  about 
lOO^K  between  sunlit  and  dark  side.  Since  the  microwave  data  are 
linear  averages,  a  larger  temperature  difference  is  implied  between 
the  sub-solar  point  and  the  anti-solar  point. 

The  rotational  temperatures,  on  the  other  hand,  are  non-linear 
averages,  weighted  towards  the  higher  temperatures,  surface  tem¬ 
peratures  considerably  in  excess  of  700“K  are  therefore  compatible 
to  the  microwave  measurements.  The  strong  greenhouse  effect 
necessary  to  maintain  the  high  surface  temperatures  on  the  sunlit 
side  makes  it  possible  for  a  slow  circulation  to  maintain  high  surface 
temperatures  on  the  dark  side,  even  if  Venus  is  in  synchronous 
rotation  as  hvlicated  by  the  radar  bounce  experiments. 

We  will  })erform  a  more  thorough  analysis  of  the  data,  and 
report  the  results  at  a  later  date.  However,  the  data  are  only  of  li¬ 
mited  usefulness  becaiise  of  the  conditions  under  which  the  spectro¬ 
grams  were  taken.  It  is  necessary  that  the  measurements  be 
repeated  with  the  spectrograph  slit  parallel  to  the  terminator  and 
placed  at  many  precise  locations  on  the  planet. 


REFERENCES 
(‘)  H.  Spinbad,  Puhl.  A.  S.  P.,  74.  187,  1962. 

(•)  W.  M.  SrNTON  and  J.  Strong,  Ap.  J.,  131,  470,  1960  (see  L.  D.  Kaplan, 
J.  Planetary  and  Space  Sci.,  8,  23,  1961). 

(•)  F.  D.  Drake,  Publ.  X.  R.  A.  O.,  1,  165,  1962. 
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29.  -  LES  CONDITIONS  PHYSIQUES 
DANS  L’ATMOSPHfiRE  DE  VENUS 


D.  Ya.  MARTYNOV 

Sternberg  Astronomical  Institute,  Moscow  University,  U.S.S.R. 

La  temperature  elevee  de  la  surface  de  V^mis  que  I’on  obtient 
par  des  observations  radiometriques  est  tres  difficile  h,  expliquer, 
car  il  est  impossible  de  comprendre  comment  un  effet  de  serre  si 
grand  ait  pu  se  produire.  En  effet,  pour  des  temperatures  +  300°  — 
+  400°  C  le  maximum  de  la  radiation  planetaire  est  situe  sur  des 
longueurs  d’oude  proches  dc  ou  Ic  carbone  dioxide  donne 
plusieurs  bandes  d’absorption  du  cote  des  ondes  courtes  (5  [a, 
4.28  (i,  3.45  jji)  et  n’en  donne  aucune  du  cote  des  ondes  longues. 
Mais  si  la  radiation  de  la  planete  se  produit  5,  T  =  +  600°  C,  une 
part  perce[)tible  de  cette  radiation  se  trouve  dej4  dans  I’intervalle 
optique,  tandis  que  I’infrarouge  proche  du  spectre  ou  se  concentre 
le  maximum  de  la  radiation  (X  —  3.3  fx)  ne  sera  retenu  que  par  des 
bandes  separees  de  (.'O.^  en  quantite  moderee. 

Seule  la  vapeur  d’eau,  en  quantite  considerable,  est  capable 
de  retenir  de  maniere  t>s.sentielle  la  radiation  planetaire  dans  le 
domaine  indique  des  tem|)eratures.  La  temperature  elevee  de  la 
siudace  de  Venus  et  I’abondance  de  la  vapeur  d’eau  dans  son 
atmosphere  sont  indissolublement  liees  entre  elles.  Ces  deux  caract6- 
ristiques  sont  en  etat  de  connexion  contraire  :  plus  la  temperature 
s’eieve,  plus  une  atmosphere  puissante  est  neces.saire  ;  mais  cette 
atmosphere  puissante  sera  un  obstacle  4  la  p6netration  de  la 
radiation  solaire,  ce  qui  conduira,  comme  I’a  pr^vu  N.  A.  Kozyrev, 
4  I’isothermie  des  couches  inferieures  de  I’atmosphere ;  cette 
isothermic,  en  presence  d’une  temperature  aussi  Elevee  de  la  surface, 
n4cessite  une  atmosphere  plus  puissante  encore. 

Naturellement,  si  Ton  n’admet  pas  I’existence  de  la  vapeur 
d’eau  dans  I’atmosph^re  de  Venus,  mais  si  on  admet  en  meme 
temps  la  temperature  elevee  de  sa  surface,  on  peut  creer  un  modele 
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d’^losph^re  (Opik)  ou  bien  ^mettre  une  k^otheee  de  modMe 
plutonique,  selon  laquelle  un  grand  oourant  de  chaleiir  vient  des 
profondeurs  de  la  plan^.  Mais  un  obstacle  surgira  dans  les  deux 
oas,  car  la  radiation  d’une  surface  chaude  ne  p^netre  pas  au-del4 
de  Tatmosphere.  En  presence  de  temperatures  aUant  k  800-900°  K 
sur  la  partie  eolairee  de  Venus,  on  aurait  pu  s’attendre  4  une  ele¬ 
vation  considerable  de  I’albedo  (assez  eieve  dej4)  de  cette  plan^te 
dans  le  domaine  infra-rouge  du  spectre,  car  la  radiation  propre  et 
BufSsamment  puissante  de  la  planete  doit  penetrer  la  couche  de 
nuages  grace  4  la  dispersion,  lorsqu’elle  n’est  pas  accompagnee 
d’une  grande  absorption. 

La  presence  de  la  vapeur  d’eau,  observee  avec  quelque  incer¬ 
titude  par  Strong,  est  confirmee  par  I’image  de  la  polarisation  de  la 
couche  de  nuages  de  Venus.  Remarquons  encore  que  tres  peu  de 
matieres  possibles  dans  1 ’atmosphere  de  Venus,  sont  de  couleur 
blanche  (sa  couleur  jaunatre  s’explique  bien,  d’apres  Sharonov, 
par  la  dispersion  de  Rayleigh),  et  des  nuages  d’eau  sont  les  plus 
vraisemblables.  Cependant  la  presence  de  la  vapeiu:  d’eau  dans 
I’atmosphere  exerce  une  grande  influence  sur  son  regime  thermique. 
En  particulier,  en  presence  des  temperatures  eievees  en  question, 
toute  I’eau  de  la  plan^te  doit  s’evaporer  (4  moins  qu’il  n’y  ait  des 
pressions  invraisemblablement  grandes  au  fond  de  I’atmosphere) ; 
sa  recondensation  la  nuit  devient  une  source  capable  de  soutenir 
la  temperature  eievee  de  la  plandte  meme  dans  le  cas  d’lme  rotation 
tres  lente,  y  compris  le  oas  de  rotation  et  de  gravitation  synchrones : 
des  mouvements  horizontaux  puissants  dans  I’atmosphere  trans¬ 
portent  alors  d’une  fa9on  permanente  un  air  humide  et  chaud 
sur  1 ’hemisphere  sombre  de  la  planete. 

Mais  en  realite,  oes  courants  atmospheriques  horizontaux  ne 
sont  pas  necessaires.  La  meme  ohbse  se  passera,  si  la  pression 
atmospherique  est  la  mime  sur  la  surface  sombre  et  eclairee.  Sur 
la  partie  eclairee  le  gradient  adiabatique  dans  une  atmosphere 
qui  est  loin  d’etre  saturee  de  vapeur  d’eau  est  pres  de  10°  km-*^, 
alors  que  sur  la  partie  sombre  oh  I’atmosphere  est  saturee  de 
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vapeur  d’eau,  il  est  beaucoup  moindre.  En  posant  le  gradient 
nocturne  4gal  &  4‘*.2  km~^  et  en  admettant  que  la  temperature  de 
la  oouohe  nuageuse  pendant  le  jour  eat  la  mSme  que  pendant  la 
nuit,  tandia  qu’4  la  surface  de  la  planete  elle  est  tr^s  diiferente, 
on  devra  admettre  que  la  hauteur  de  la  couche  de  nuagea  est  aussi 
differente  dans  lea  deux  cas  ;  la  difference  atteint  10-12  km.  Maia 
comme  la  hauteur  d’une  atmosphere  homogene  eat  beaucoup  plus 
grande  pendant  le  jour  que  pendant  la  nuit,  la  pression  4  la  surface 
de  la  planete  sera  4  peu  pres  la  meme.  II  doit  y  avoir  dans  la  partie 
superieure  de  I’atmosphere  un  eooulement  perpetuel  de  gaz  chaud 
et  huniide  vers  la  partie  sombre  ;  cet  Eooulement  doit  etre  oom- 
pense  par  un  afflux  de  gaz  froid  sature  et  plus  dense  vers  la  partie 
EclairEe  de  la  surface.  Ces  comants  peuvent  etre  beaucoup  plus 
calmes  et  sujets  4  un  effet  de  latitude. 

II  doit  exister  une  diffErence  de  rEgime  thennique  du  cotE 
sombre  dii  matin  et  du  soil-,  qui  croitrait  avec  un  ralentissement 
de  la  rotation  de  la  planete  (*).  Ces  diffErences  ne  peuvent  oepen- 
dant  etre  observEea  avec  succes  par  la  mEthode  bolomEtrique  : 
pendant  lo  refroidissement  nocturne  de  la  planete,  la  quantitE 
de  la  vapeur  d’eau  dans  I’atmosphere  diminue  et  elle  devient  plus 
transparente  pouur  la  radiation  thermique  de  la  planete.  La  rEpar- 
tition  spectraie  de  la  radiation  infra-rouge  de  VEnus  est  seule 
capable  de  donner  ime  rEponse  dEcisive  sur  oe  point. 

Les  tempEratures  trea  ElevEes  de  VEnus  dEduites  des  obser¬ 
vations  radiomEtriques  sont  chargEes  d’erreurs  accidentelles  si 
grandes  qu’il  est  impossible  aujourd’hui  de  parler  avec  certitude 
de  I’absence  des  effete  de  la  radiation  non-thennique  de  la  planEte. 
Les  observations  de  Kuzmin  et  de  Salomonovitch  ont  montrE 
qu’il  s’ajoute  peut-Etre  4  la  radiation  thermique  une  radiation  non 
thermique  perceptible  sur  des  ondes  plus  longues. 

(*)  En  cas  de  rotation  et  de  gravitation  synchrones  la  difference  dis- 
pandt,  ainsi  que  la  conception  de  cdtE  du  matin  ou  du  soir. 
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30.  —  ON  THE  ATMOSPHERE  AND  CLOUDS  OF  VENUS 


Cabi.  SAGAN 

The  InatituU  for  basic  Research  in  Science,  The  Space  Sciences  Laboratory, 
and  The  Department  of  Astronomy,  University  of  California,  Berkeley, 
California,  U.  S.  A.  (*) 


Abstract 

The  microwave  spectrum  of  the  dark  hemisphere  of  Venus  is 
flat  at  a  brightness  temperature  of  approximately  600°K  for  wave¬ 
lengths  longward  of  3  centimeters.  Shortward  of  3  centimetere,  the 
brightness  temperatuic  drops  to  some  350  degrees  in  the  middle 
millimeter  range  and  eventually  reaches  2350K  at  10  microns.  The 
spectrum  is  inconsistent  with  nonthermal  emission  from  trapped 
charged  particles  in  a  Cytherean  Van  Allen  belt,  and  an  alternative 
possibility,  that  the  emission  arises  from  free-free  transitions  of 
electrons  in  a  dense  and  extensive  ionosphere  at  electron  tempera¬ 
ture  of  600®K  runs  into  very  grave  accessory  difliculties. 

If  the  centimeter  microwave  emission  from  Venus  arises  from 
its  surface,  the  radar  reflectivities  and  microwave  brightness 
temperatures  give  mean  darkside  surface  temperatures  of  about 
640*^  X.  Extrapolations  of  the  phase  data  to  small  phase  angles  indi- 
ca'vj  mean  brightside  surface  temperatures  of  about  760®K.  If 
the  cloudtop  pressures  and  temperatures  are  known  in  both 
hemispheres,  the  surface  pressures  and  darkside  subadiabatic  indices 
can  be  derived.  A  reanalysis  of  the  CO*  absorption  bands  near  0.8 
and  1.6  g  and  of  the  Regulus  occultation  data  indicates  (1)  that  the 
same  cloud  level,  at  Tc  2:  234oK,  is  responsible  for  the  reflection 
and  emission  throughout  the  visible  and  infrared,  and  (2)  that  the 
brightside  cloudtop  pressure  is  at  least  as  great  as  the  darkside 
cloudtop  pressure,  the  most  probable  values  being  0.6  atm  and 
90  mb  respectively. 

(•)  Now  at  Harvard  University  and  Smithsonian  Astrophysical  Obser¬ 
vatory,  Cambridge  38,  Mass.,  U.S.A. 
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Even  with  a  small  phase  effect  these  cloudtop  pressures  give 
surface  pressures  ~  50  atm.  The  darkside  lapse  rates  are  substan¬ 
tially  subadiabatic,  in  contradiction  to  the  Aeolosphere  Model. 
Failure  of  the  Urey  equilibrium  on  Venus  results  in  surface  pressures 
of  this  order  or  greater  ;  and  similar  values  are  obtained  from  the 
atmospheric  structure  deduced  from  Spinrad’s  measurements  of 
the  near  infrared  CO*  band  at  7820  A.  The  altitude  of  the  cloud- 
tops  on  the  dark  side  is  then  ~  80  km.  and  is  possibly  even  higher 
in  the  bright  hemisphere. 

The  surface  pressures  and  phase  effect  lead  to  a  sidereal 
period  of  rotation  which  exceeds  170  days,  and  is  quite  possibly 
equal  to  the  i)eriod  of  revolution.  For  nonsynchronous  rotation, 
the  specific  lieat  capacity  of  the  atmosphere  controls  the  nocturnal 
cooling.  There  is  a  smaller  contribution  from  subsurface  conduction. 
For  synchronous  rotation  the  atmos})heric  circulation  must  supply 
the  radiation  emitted  to  space  from  the  dark  hemisphere. 

The  effect  of  Rayleigh  scattering  on  a  cloudless  day  on  Venus 
is  to  j’ellow  the  sky  and  redden  the  smi.  The  radiation  scattered 
back  to  space  will  also  have  a  vellow  ca.st,  atul  may  explain  the 
apparent  color  of  Venus.  The  color  index  shoidd  therefore  be  a 
function  of  phase.  In  .short  visual  wavelengths,  the  surface  of  Venus 
cannot  be  seen  from  space,  even  on  a  cloudless  day.  The  observa¬ 
tions  of  permanent  dark  markings  at  these  wavelengths  possibly 
represent  clouds  connected  with  surface  features  far  below  ;  they 
cannot  be  the  surface  features  themselves.  But  near  infrared  photo¬ 
graphy  has  the  promise  of  detecting  surface  markings  on  Venus. 

With  current  values  of  the  atmospheric  pressure  at  the  cloud- 
tops  and  of  the  ratio  of  COg  to  Nj  in  the  atmosphere,  pressure  indu¬ 
ced  dipole  absorption  by  CO  2  is  not  capable  of  producing  the  requi¬ 
red  millimeter  attenuation.  However,  a  cloud  layer  in  part  composed 
of  water  droplets  can  provide  the  additional  attenuation  required 
to  explain  the  microwave  spectrum.  Clouds  with  a  surface  density 
of  water  of  a  few  tenths  of  a  gm  cm"'*,  with  thicknesses  less  than 
thirteen  km  and  with  mean  densities  greater  than  0.2  gm  m"®  are 


329 


consistent  with  a  large  number  of  planetary  observables.  However, 
Spinrad’s  most  recent  attempt  to  detect  water  vapor  on  Venus 
has  led  to  mixing  ratios  which  are  too  low  for  the  water  cloud  model 
proposed  here.  If  these  results  are  correct;  the  low  brightness 
temperatures  shortward  of  3  centimeters  must  be  due  to  absorption 
by  some  as  yet  unspecified  constituent  of  the  atmosphere  of  Venus. 

The  high  surface  temperatures  and  pressures  lead  to  melting 
and  vaporization  of  surface  material  ;  and  to  greatly  enhanced 
infrared  opacities,  facilitating  the  operation  of  the  Greenhouse 
EflFect  on  Venus.  Direct  exploration  of  the  surface  of  Venus  would 
seem  to  be  a  very  difficult  engineering  problem. 
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31.  —  RADIO  OBSERVATIONS  OF  VENUS  CARRIED  OUT 
ON  THE  RADIO  TELESCOPE 
OF  P.  N.  LEBEDEV  PHYSICAL  INSTITUTE. 


V.  P.  BIBINOVA,  A.  G.  KISL YAKOV,  A.  D.  KUZMIN, 
A.  E.  SALOMONOVICH,  I.  V.  SHAVLOVSKY 
P.  N.  Lebedev  Physical  Institute,  Moscow,  U.  S.  S.  R. 


1.  Introduction 

Aa  it  is  well-known,  investigations  of  the  Venus  intrinsic  radio 
emission  can  give  significant  data,  which  will  help  in  detecting 
temperature  conditions  of  the  planet,  the  character  of  its  surface, 
the  composition  and  state  of  the  atmosphere,  and  also  the  rotation 
elements. 

First  radio  observations  of  Venus  were  carried  out  near  the 
inferior  conjunction  of  1966  at  the  Naval  Research  Laboratory 
(U.  S.  A.)  with  the  15  m  radio  telescope  at  3.15  and  9.4cm(*). 

According  to  the  data  of  these  observations,  the  brightness 
temperature  of  Venus  turned  out  to  be  the  same  at  both  wave¬ 
lengths  and  equal  to  ~  600®K.  Observations  at  3  cm  were  repeated 
near  the  inferior  conjunction  of  1968  with  the  use  of  the  maser  (*) 
and  gave  a  similar  result.  In  1958  observations  at  8.6  mm  were 
performed  with  the  3  m  radio  telescope  of  the  Naval  Research 
I^aboratory  (*).  However,  due  to  a  small  area  of  the  radio  telescope, 
the  brightness  temperature  of  the  planet  again  was  measured  only 
near  the  inferior  conjunction.  It  turned  out  to  be  410  ±  160°K. 

Observations  in  that  range  with  a  larger  antenna  were  started 
by  means  of  the  22  m  radio  telescope  of  the  P.  N.  Lebedev  Physical 
Institute  (U.  S.  S.  R.)  in  1969  (♦).  17  days  after  the  inferior  con¬ 
junction,  the  measured  brightness  temperature  of  Venus  turned  out 
to  be  315  ±  70°K.  The  following  two  months  a  systematic  growth 
of  the  brightness  temperature  with  the  increase  of  the  sun-lit  portion 
of  the  planet  disk  was  observed. 
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Later  C.  H.  Mayer,  T.  P.  Me  Cullough  and  R.  M.  Sloanaker  (*) 
oommunicated  about  the  phase  variation  of  the  Venus  brightness 
temperature  at  3  and  10  cm. 

In  order  to  interpret  the  obtained  data,  several  models  of  Venus 
were  put  forward  {*•  *•  ••  *■  *).  However,  the  lack  of  sufficient 

observational  data  made  it  impossible  to  prefer  one  of  the  models, 
as  well  as  to  consider  them  well-grounded. 

In  this  connection  in  the  period  of  the  inferior  conjunction  of 
1961,  a  new  series  of  observations  of  the  Venus  radio  emission  was 
carried  out  at  the  22  m  radio  telescope  of  the  P.  N.  Lebedev  Physi¬ 
cal  Institute  (‘®). 


2.  The  Techmqve  of  Observations 

Observations  of  1961  were  carried  out  at  four  wavelengths  : 
9.6  cm,  3.3  cm,  8  mm  and  4  mm  (“).  At  all  above  wavelengths 
modulation  radiometers  (*)  were  used  whose  preamplifiers  were 
situated  near  the  focus  of  the  parabolic  reflector.  Conical  horns  or 
open  ends  of  waveguides  were  used  as  feeds.  Calibration  of  antenna 
temperatures  was  made  by  means  of  gas  discharge  noise  generators 
weakly  connected  with  the  radiometer  inputs  (at  9.6  and  3.3  cm) 
or  by  means  of  matched  absorbing  loads  introduced  in  the  wave¬ 
guides  by  the  distance  control  system  (at  4  and  8  mm).  At  9.6  cm 
observations  were  performed  by  the  method  of  the  passage  of  Venus 
through  the  directional  pattern  of  the  radio  telescope  fixed  in  the 
precalculated  position.  Adjustment  of  the  electrical  axis  and  measu¬ 
rement  of  the  radio  telescope  parameters  were  carried  out  from 
the  radio  sources  Cassiopeia  A,  Cygnus-A  and  Taurus-A.  Flux 
densities  of  Taurus-A  and  Cassiopeia-A  were  adopted  to  be  respec¬ 
tively,  790.10“**  and  1450.10“**  w.  m.“*  c.  p.  s.“^.  On  the  days  of 
clear  sky  the  proper  position  of  the  device  during  Venus  passage 
was  also  checked  up  with  the  optical  guide.  On  the  days  of  obser- 

(*)  The  radiometer  used  at  4  mm  has  been  developed  at  the  Institute 
of  Radiophysics  of  the  Gorky  State  University. 
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vations,  from  3  to  16  sequential  passages  of  Venus  were  carried  out 
with  the  time  interval  of  20  min.  Besides  the  calibration  by  means 
of  the  noise  generator,  in  many  cases,  at  the  beginning  of  the  obser¬ 
vation,  radio  emission  of  Virgo-A  was  recorded. 

At  3.3  cm  observations  were  made  at  an  optical  visibility  of  the 
planet.  The  planet  was  tracked  in  altitude  with  the  aid  of  an  optical 
guider.  In  the  azimuthal  direction  the  radio-telescope  was  given  the 
speed  alternately  somewhat  faster  and  somewhat  slower  than  the 
azimuthal  velocity  of  the  planet  motion  due  to  the  Earth’s  diurnal 
rotation.  This  resulted  in  multiple  passages  of  the  planet  through 
the  d’’’  ctional  pattern  of  the  radio  telescope  antenna.  Samples  of 
the  recordings  are  given  in  Fig.  1.  Also  the  marks  corresponding  to 
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Fig.  1 

a  definite  angular  distance  in  the  picture  plane  were  plotted. 
After  several  passages  the  calibration  with  the  noise  generator 
(the  effective  temperature  IS^K)  and  check-up  recording  of  the 
passage  of  Taurus-A  w'ere  carried  out.  Adjustment  of  the  radio 
telescope  was  made  with  Cassiopeia-A,  determination  of  the  antenna 
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effeotive  area  was  made  by  means  of  Taurus-A,  the  flux  density  of 
which  at  this  wavelength  was  adopted  to  be  600.10“**  w.  m.“* 
0.  p.  8.“*.  Owing  to  the  fact  that  the  feed  of  the  radiometer  at  3.3  cm 
was  shifted  from  the  focus  (millimeter  feed  were  in  the  focal  posi¬ 
tion),  the  antenna  effective  area  turned  out  to  be  somewhat  less 
than  in  (^*)  and  equal  to  Aj  —  160  ±  25  m*,  and  the  directional 
pattern  width  was  equal  to  <po.,  =  6'. 8  ±  0'.2. 

Observations  in  the  millimeter  range  were  also  carried  out 
at  optical  visibility  by  the  method  similar  to  that  applied  at  3.3  cm. 
To  exclude  errors  caused  by  possible  disagreement  of  the  electric 
axis  of  the  radio  telescope  and  the  axis  of  the  optical  guide,  record¬ 
ings  of  Venus  passages  were  made  at  varied  settings  of  the  ocular 
cross  of  the  guide.  At  the  processing,  a  series  of  recordings  was 
used  obtained  with  the  installation  corresponding  to  the  maximum 
averaged  signal. 

Due  to  the  small  value  of  the  flux  density  of  radio  sources 
with  small  angular  sizes,  determination  of  radio-telescope  para¬ 
meters  at  8  and  4  mm  is  rather  difficult.  Therefore,  earlier  (‘*)  at 
8  mm  the  estimate  of  an  effective  area  of  the  antenna  was  made 
only  approximately.  The  main  lobe  was  measured,  but  the  streying 
in  the  side  and  back  lobes  was  only  estimated. 

In  this  work  an  attempt  was  made  to  estimate  effective  area 
of  the  antenna  from  the  cosmic  source  of  radio  emission.  At  the 
end  of  the  series  of  Venus  measurements,  observations  of  Jupiter 
were  maide  (apparently,  for  the  first  time  in  the  millimeter  range) 
(Fig.  2).  The  composition  of  the  radiometric  temperature  (130®K) 
in  the  infrared  region  (**)  and  the  brightness  temperature  of  Jupiter 
in  the  3  cm  range  obtained  by  us  and  other  observers  (**)  made  it 
possible  to  take  the  value  140®K  as  the  brightness  temperature  of 
the  planet  at  8  mm.  Using  the  ratio 


T6  = 


AQjr’ 


(1) 


where  Q  —  is  the  visible  solid  angle  of  Jupiter,  and  ^  —  is  the 
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factor  which  takes  into  account  the  commensurability  of  the  angular 
dimensions  of  the  source  and  the  directional  pattern  (^•),  one  could 
estimate  the  effective  area  of  the  antenna  at  8  mm  —  Some 
changes  A#  ,  which  took  place  during  the  period  of  Venus  obser¬ 
vations  were  taken  into  account  in  the  results  of  the  measurements 
by  introducing  the  correction  factor  proportional  to  the  square  of  the 
width  of  the  main  lobe  determined  by  the  records  of  Venus  passages. 
The  antenna  effective  area  at  the  beginning  of  the  period  of  obser¬ 
vations  when  the  main  lobe  width  was  equal  to  2'  at  the  half  power 
level,  was  found  to  be  Apg  =  108  ±  20  m*  that  was  somewhat 
less  than  the  value  of  Ao^g  estimated  before  (**).  The  above  diffe¬ 
rence  was  caused  apparently  by  the  inaccuracy  of  the  estimate  of 
streying  in  side  and  back  lobes  made  in  (>*). 


The  greatest  difficulties  were  encountered  in  determining  para¬ 
meters  of  the  antenna  at  4  mm.  The  main  lobe  of  the  pattern  was 
determined  by  the  averaged  record  of  the  Venus  passage.  The 
width  of  the  main  lobe  at  the  half  power  level  was  found  to  be 
1'.6  ±  O'. 2. 
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The  atrey  factor  outside  the  main  lobe  was  determined  by 
means  of  the  analysis  of  records  of  the  Sun  passage  through  the 
antenna  pattern  (in  this  manner  the  value  of  streying  was  deter¬ 
mined  within  the  Sun  angular  size)  and,  also  from  the  results  of 
measurements  of  the  antenna  temperatuies  of  the  Moon  and  Sun 
(in  this  manner  streying  outside  the  solid  angle  of  the  Sun  (Moon) 
was  determined).  In  tliis  case  the  brightness  temperatures  of  the 
Moon  and  Sun  at  4  mm  were  taken  in  accordance  with  (^’). 

Thus  one  could  determine  the  brightness  temperature  of 
Venus  by  comparison  with  the  brightness  temperature  of  the  Moon 
and  by  estimating  the  streying  outside  the  solid  angles  occupied  by 
Venus  and  the  Moon.  Attenuation  in  the  Earth’s  atmosphere, 
especially  sigiii Scant  in  the  millimeter  range,  and  also  the  influence 
of  the  Earth  radiation  were  taken  into  account  in  the  process  of 
calibration  and  further  processing  of  the  observation  results.  Calcu¬ 
lation  «>f  the  brightness  temperatures  from  the  measured  antenna 
temperatures  was  carried  c>ut  by  weU-known  expression  (1). 

3.  Resvlts  of  Measurements 

Observations  at  8  and  4  mm  and  at  9.6  cm  were  carried  out 
from  the  middle  of  March  to  the  beginning  of  June.  From  May  26 
to  July  10  observations  at  3.3  cm  were  performed. 

Measurements  at  the  first  three  w'avelengths  corresponded  to 
the  variation  interval  of  K-  the  relative  area  of  the  illuminated 
portion  of  the  planet  disk  from  iT  =  0.1  to  =  0.007  at  eastern 
elongations  and  further  from  K  =  0.007  to  K  =  0.4  at  western 
elongations.  Measurements  at  3.3  cm  were  carried  out  at  western 
elongations,  in  the  period  when  K  w&s  changing  from  0.33  to  0.6. 

The  results  of  measurements  at  4  and  8  mm  are  plotted  in 
Fig.  3  a,  b  in  the  form  of  dependence  on  K  of  the  brightness  tempe¬ 
rature  Tftj  averaged  over  the  planet  disk.  Solid  lines  in  the  figures 
indicate  the  averaged  dependence  of  Tj^  (K)  obtained  by  approxi¬ 
mation  with  the  least-mean  method.  Minimum  values  of  the 
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Fig.  3b 

The  position  of  the  minima  dotss  not  coincide  exactly  with  the 
moment  of  the  inferior  conjunction,  but  is  somewhat  shifted 
towards  the  eastern  elongations.  However,  one  should  note  that 
the  above-mentioned  shift  of  the  minima  is  apparently  connected 
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with  the  inaccurate  account  of  the  antenna  parameter  changes  and, 
therefore  requires  further  checking. 

With  moving  away  from  the  inferior  conjunction  and  the 
increase  of  K  connected  with  this,  a  tendency  is  revealed  towards 
growth  of  the  brightness  temperature  averaged  over  the  disk. 
The  mean  value  of  obtained  at  maximum  value  ot  K  =  0.3 — 0.4 
was  foimd  to  be  483  ±  100®K  and  495  ±  150°K  respectively  at 
8  and  4  mm. 

At  3.3  cm  the  mean  value  of  brightness  temperatures  measured 
in  the  interval  K  —  0.33  —  0.6  was  found  to  be  542  ±  85®K.  By 
the  growth  of  if  a  tendency  of  the  brightness  temperature  to  increa¬ 
se  was  also  detected  (Fig.  4). 


At  9.6  cm  the  mean  value  of  the  brightness  temperatime  (for 
the  observation  period  from  March  20  to  June  1)  averaged  by  the 
Venus  visible  disk  was  OOO^K  (*). 


(*)  The  systematic  error  of  the  brightness  temperature  measure¬ 
ments  caused  by  inaccurate  knowledge  of  fluxes  of  the  sources  assumed  as 
standard  ones  is  estimated  as  d:  15  %. 
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To  analyse  the  observed  spread  of  brightness  temperature 
about  this  mean  value,  histograms  were  plotted  (Fig.  6).  In  connec¬ 
tion  with  the  small  number  of  records  made  on  one  day,  the  histo¬ 
grams  were  constructed  from  the  data  of  a  series  of  measurements 
for  several  days.  The  histograms  have  shown  that  for  the  majority 


•K 


339 


of  days  of  measurements,  the  brightness  temperatures  distribution 
was  close  to  the  Gaussian  one  near  the  average  temperature  ~  690°K 
with  a  dispersion  corresponding  to  a  dispersion  of  the  antenna 
temperatures  of  ~  0.2°K. 

Independently  in  the  period  of  Venus  observations  and  after  it 
control  records  of  the  radio  sources  of  3  C  270,  3  C  348  (16  NOA)  (^®) 
and  CTB  74  (i*)  which  intensity  are  close  to  that  of  Venus  at  9.6  cm 
w  ere  made.  The  results  of  these  records  carried  out  on  April  1 
and  21,  1961  and  March  24,  27  and  28,  1962  have  shown  that  the 
mean  square  error  (di.sjtersion)  of  a  single  measurement  was  within 
0.13  —  0.22»K. 

The  statistical  processing  of  the  zero  level  carried  out  on 
the  records  of  Venus  passage  showed  that  in  the  majority  of  cases, 
the  mean  square  deflection  was  also  found  to  be  0.2oK.  Thus,  for 
the  majority  of  the  days  of  observation,  spread  of  the  obtained 
brightness  temperature  of  \'enus  was  of  the  same  order  as  the 
expected  mean  square  error  of  the  single  measurement.  Therefore, 
on  those  days  it  seems  im])088ible  to  determine  unambiguously 
whether  the  variations  of  Venus  brightness  tempt. ature  pointed 
out  earlier  (^®)  are  real  at  that  wavelength  or  are  caused  by  the 
insufficient  accuracy  of  the  measurements. 

However  on  two  days  of  oh.servations  —  April  4  and  23,  - 
the  detected  lirightness  temperatures  wore  so  high  that  we  were 
unable  to  ex[)lain  them  by  statistical  errors  of  measurements. 

On  .\pril  4  three  records  of  the  Venus  passage  were  made  at 
15  "00"',  15''4(t'".  and  15  "48"'  UT.  In  each  of  the  above-mentioned 
records  the  antenna  temperature  ~  1.3*'K  was  obtained,  which 
corresponds  to  the  brightness  temperature  —  1000°K.  However, 
at  the  average  brightness  temperature  of  690oK,  one  should  obtain 
antenna  temperatures  of  0.9°K.  The  mean  square  deviations  of  the 
zero  level  were  0.21°K  on  that  day.  The  probability  that  at  measur¬ 
ing  the  temperature  of  0.9°K  the  antenna  temperature  of  1.3®K  was 
obtained  three  times  one  after  another  as  a  result  of  statistical 
errors,  was  1.5. 10-*. 
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On  April  23,  increased  antenna  temperatures  were  also  obser¬ 
ved.  For  instance,  at  3“  10“  and  4 '>20“  UT  the  measured  antenna 
temperatures  of  1570  and  1660®K.  At  the  mean  square  deflections 
of  zero  level  on  this  day  of  0.22°K  the  probability  of  receiving  the 
above  data  as  a  result  of  statistical  errors  was  10-*  and  10“®  respec¬ 
tively.  In  addition,  on  that  day  also,  essential  (comparing  to 
dispersion)  relatively  rapid  variations  of  the  Venus  antenna  tempe¬ 
rature  took  place  at  measurements  which  corresponded  to  the 
brightness  temperature  equal  to  1570,  980,  1660,  830  and  710°K 
at  3''10“,  3'>40“,  4'*20“,  4''57“,  and  at  SxiO®  UT,  respectively. 
Copies  of  records  of  the  above  passages  are  presented  in  Fig.  6. 
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It  is  not  excluded  that  the  above-mentioned  increased  tempe¬ 
ratures  and  essential  intensity  variations  are  due  to  a  certain  syste¬ 
matic  error  which  was  not  taken  into  account.  Therefore,  since  the 
available  observation  material  is  not  sufficient,  the  above  data 
require  further  checking  and  confirmation. 

Thus  at  4  and  8  mm  the  Venus  brightness  temperature  reaches 
its  minimum  near  the  inferior  conjunction  and  is  390  ±  120°K 
and  376  i  76®K,  respectively.  The  position  of  the  minima  does  not 
coincide  exactly  with  the  moment  of  the  inferior  conjunction  but 
is  somewhat  shifted  towards  eastern  elongations. 

At  3.3  cm  the  mean  value  of  the  brightness  temperatiue  in  the 
variation  interval  of  the  relative  area  of  the  illuminated  part  of  the 
planet  disk  K  =  0.33  —  0.6,  where  the  measurements  were  carried 
out  was  542  ±  S5°K. 

At  all  three  wavelengths,  a  tendency  was  found  out  towards 
growth  of  the  brightness  temperature  with  the  increase  of  K. 

At  9.6  the  value  of  the  brightness  temperature  averaged  for 
the  observation  period  is  690°K.  On  April  4  and  23  we  observed 
anomalously  high  (1000-1500®K)  brightness  temperatures  which  we 
were  unable  to  explain  by  statistical  errors  of  measurements. 

The  next  paper  (”)  is  devoted  to  the  discussion  of  the  results 
obtained. 
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32.  —  SOME  CONCLUSIONS  ABOUT  PHYSICAL  CONDITIONS 
ON  VENUS  ACCORDING  TO  RADIO  ASTRONOMICAL 
OBSERVATIONS  AT  P.  N.  LEBEDEV  PHYSICAL  INSTITUTE 

A.  D.  KUZMIN,  A.  E.  SALOMONOVICH 
F.  N.  Lebedev  Physical  Institute,  Moscow,  U.  S.  S.  B. 


1.  Introduction 

As  it  is  well-known,  since  the  Venus  surface  is  covered  with  a 
dense  layer  of  clouds  oj)aque  for  visible  and  infrared  radiations, 
optical  investigations  of  the  physical  conditions  on  the  planet 
carried  out  during  many  tens  of  years  have  not  yet  given  any 
complete  information  about  the  temperature  and  character  of  its 
surface,  the  composition  of  the  atmo8))here  and  even  about  the 
period  and  sense  of  rotation.  ^Vs  radio  waves  can  penetrate  through 
a  cloud  layer,  one  can  e.xpect  that  investigations  of  the  intrinsic 
radiation  of  Venus  will  make  it  possible  to  clarify  the  questions 
essentially  significant  for  the  planet  physics. 

At  P.  N.  Lebedev  Ph^•sical  Institute  of  the  USSR  Academy  of 
Sciences  investigations  of  Venus  radiation  were  started  near  the 
inferior  conjunction  of  19.5!t  (i).  Observations  were  carried  out  at 
8  mm  with  the  22-meter  radio  telescope  (*).  The  use  of  that  radio 
telescope  operating  at  so  short  a  wavelength  allowed  to  observe 
the  planet  two  months  after  the  inferior  conjunction.  For  the  first 
time  it  became  possible  to  detect  that  the  brightness  temperature 
averaged  over  the  visible  disk  of  Venus  grew  with  increase  of  the 
illuminated  part  of  the  planet  disk.  The  existence  of  phase  variation 
of  the  averaged  brightness  temperature  was  interpreted  as  an  effect 
of  the  difference  between  the  brightness  temperatures  of  the  illu¬ 
minated  and  unilluminated  hemispheres  of  the  planet,  that  in  its 
turn,  showed  a  relatively  large  period  of  its  rotation  (longer  than 
the  Earth  day). 
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Later  C.  H.  Mayer.  T.  P.  McCullough  and  R.  M.  Sloanaker  (®) 
made  also  a  communication  about  the  existence  of  phase  variation 
of  the  Venus  brightness  temperature  at  3  and  10  cm.  According 
to  the  data  of  radar  investigations  of  Venus  (*’  ®)  carried  out  in 
1961,  the  rotation  period  of  Venus  is  really  essentially  longer  than 
the  Earth  day. 

As  one  of  the  possible  reasons  for  the  fact  that  the  brightness 
temperature  at  8  mm  measured  by  us  (*)  and  D.  E.  Gibson  and 
R.  McEwan  (*)  was  found  to  be  considerably  lower  than  at  3  and 
10  cm  according  to  the  data  of  Mayer,  McCullough  and  Sloanaker(’), 
it  was  pointed  to  the  stronger  absorption  of  shorter  waves  in  the 
relatively  cold  atmosphere  of  Venus.  For  a  quantitative  explana¬ 
tion  of  this  difference,  A.  H.  Barrett  (®)  had  to  assume  the  existence 
of  considerable  (to  30  atmospheres)  pressure  on  the  planet  surface, 
or  (at  less  pressure  of  20-10  atmospheres)  of  the  appreciable  (1-3%) 
content  of  water  vapour. 

In  the  greenhouse  model  put  forward  by  C.  Sagan  (*)  atte¬ 
nuation  of  radiation  in  the  millimeter  range  takes  place  in  the 
cloud  layer  containing  H,0  and  CO,.  According  to  this  model,  the 
greenhouse  effect  causing  high  temperature  of  the  siuface  is  pro¬ 
duced  by  the  atmosphere  comprising  CO,  and  H,0. 

In  the  «  aeolosphere  »  model  put  forward  by  E.  Opik  (^®)  the 
undercloud  layer  is  the  region  of  strong  winds  heating  the  planet 
surface  owing  to  friction. 

D.  E.  Jones  (**)  suggested  another  mechanism  according  to 
which  the  planet  ionosphere,  optically  thick  up  to  3  cm,  is  respon¬ 
sible  for  radiation  at  3  cm  and  longer  wavelengths. 

All  the  above-mentioned  models  are  based  on  the  equality  of 
brightness  temperatures  of  the  Venus  night  side  (~  600°K)  in 
the  range  from  3  to  20  cm. 

The  lack  of  observational  data  made  it  impossible  to  prefer  one 
of  the  above  models  or  even  consider  them  as  well-grounded. 
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2.  Results  of  obsbbvations  of  1961 


In  the  period  of  the  inferior  conjunction  of  1961,  radio-obser¬ 
vations  of  Venus  were  continued  on  a  wider  scale  in  P.  N.  Lebedev 
Physical  Institute  of  the  USSR  Academy  of  Sciences.  In  order 
to  obtain  spectral  characteristics,  measurements  were  carried  out 
in  a  series  of  millimeter  and  centimeter  ranges.  From  the  middle  of 
March  to  the  beginning  of  June,  observations  were  performed  at 
4  and  8  mm  and  9.6  cm.  Unfortunately  since  the  instruments  were 
not  ready  to  operate  we  were  unable  to  carry  on  observations  at 
3.3  cm.  Those  measurements  were  started  only  on  May,  26  and 
continued  to  June,  10.  The  technique  of  the  observations  was 
described  in  (^*), 

At  4  and  8  mm  minimum  values  of  the  brightness  temperatures 
Tftj  averaged  over  the  planet  disk  were  obtained  near  the  inferior 
conjunction  and  were  equal  to  390  ±  120°K  and  376  ±  76“K.  The 
position  of  the  minima  did  not  coincide  exMtly  with  the  moment 
of  the  inferior  conjunction,  but  is  somewhat  shifted  towards  eastern 
elongations.  It -is  not  excluded,  however,  that  this  displacement 
depends  on  inaccurate  account  of  the  variation  in  the  antenna 
parameters,  and,  therefore,  it  requires  confirmation.  With  the 
increase  of  the  distance  from  the  inferior  conjunction  and  the 
growth  of  K-  relative  area  of  the  illuminated  part  of  the  planet 
disk,  a  tendency  towards  increase  of  the  brightness  temperature 
averaged  over  the  visible  disk  was  found  out.  At  the  same  time  it 
should  be  noted  that  at  8  mm  deflections  from  the  regular  increase, 
as  a  rule,  exceed  the  mean  square  errors  of  measurements  of 
average  values  of  T^^  obtained  day  after  day.  (Generally  speaking, 
these  deflections  can  testify  the  existence  of  short  time  variations 
of  the  Venus  brightness  temperature  connected  apparently  with  the 
planet  rotation.  However,  it  is  more  probable,  that  they  are  the 
jresult  of  system^ical  changes  of  the  measurement  conditions  not 
taken  into  account  and  therefore  they  cannot  be  considered  yet 
really  significant. 
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The  mean  value  of  obtained  at  maximum  K  =  0.3-0.4  at 
which  measurements  were  carried  out,  was  496  d:  150®K  and 
483  ±  100°K  at  respectively  4  and  8  mm. 

At  3.3  cm  the  mean  value  of  the  brightness  temperature  in  the 
interval  K  =  0.33-0.6  in  which  measurements  were  carried  out, 
was  542  ±  Se^K.  With  the  increase  of  K  a  tendency  towards  the 
growth  of  Tftj  was  also  found  out. 

At  9.6  cm  the  mean  value  of  brightness  temperature  for  the 
observation  period  from  March  20  till  June  1,  was  690  ^  100®K. 

In  connection  with  large  relative  errors  of  measurements  it 
seems  impossible  at  the  present  time  to  determine  the  dependence 
of  on  K,  and  also  to  decide  imambiguously  whether  the  varia¬ 
tions  of  Venus  brightness  temperature  noted  earlier  in  (i*)  are 
real  at  this  wavelength  or  depend  on  the  insufficient  accuracy  of 
measurements.  However,  at  observations  on  April  4  and  23,  so 
high  brightness  temperatures  (1000-1500®K)  were  observed  that  we 
were  unable  to  explain  them  as  accidental  errors  of  measurements. 

3.  Comparison  with  the  Data  of  Other  Radio  Astronomical 

Observations 

Before  starting  to  discuss  conclusions  about  the  physical  con¬ 
ditions  on  Venus,  that  one  can  make  from  the  results  of  our  measu¬ 
rements,  it  is  useful  to  compare  them  with  the  data  of  other  radio 
observations  of  the  planet. 

More  correct  than  the  previous  (**)  estimate  of  antenna  para¬ 
meters  of  the  radio  telescope  at  8  mm  made  by  us  in  (**)  from 
Jupiter  radio  emission,  makes  it  possible  to  correct  the  value  of 
Venus  brightness  temperatures  measured  near  the  inferior  con¬ 
junction  of  1959  (*).  If  one  assumes  that  in  1959  the  effective  area 
of  the  antenna  was  the  same  as  estimated  in  1961,  then  recalculation 
of  the  antenna  temperatures  obtained  in  1969  for  the  corresponding 
values  of  K  gives  the  values  of  the  brightness  temperatures  coincid- 
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ing  within  the  measurement  errors,  with  the  values  of  measured 
in  1961. 

The  data  by  D.  E.  Gibson  and  R.  McEwan  (®)  are  also  in  a 
good  agreement  with  the  results  of  our  observations  and  some  dif¬ 
ference  in  brightness  temperatmes  can  be  apparently  explained  by 
the  difference  in  methods  of  determining  effective  areas  of  the 
radio  telescope  antennas. 

Thus,  at  8  mm,  the  brightness  temperature  on  the  night  side 
of  Venus  is  ~  400®K . 

At  3.3  cm  the  results  obtained  by  us  can  be  compared  with  the 
recently  published  re.sults  of  similar  measurements  by  C.  H.  Mayer, 
T.  P.  McCullough  and  R.  M.  Sloanaker  {*)  carried  out  in  1958.  Since 
both  series  of  mea.surements  were  performed,  to  our  regret,  in 
different  intervals  of  variation  of  \’enus  phase,  one  can  compare 
only  with  making  use  of  e.xtrapolation  to  the  corresponding  inter¬ 
vals.  Assuming  to  a  first  approximation,  that  brightness  tempera¬ 
tures  are  constant  witliin  the  illuminated  and  unilluminated 
liemisjihere  of  the  planet,  we  can  assume  linear  (relative  to  K) 
dependence  of  T/,  ;  Venus  brightness  temperature  averaged  over 
the  disk.  The  linear  extrajiolation  of  the  phase  variation  commu¬ 
nicated  in  (®)  to  K  —  0.47  (the  middle  of  the  interval  of  our  measu¬ 
rements  in  1961)  gives  the  value  T*^,  =  760‘'K.  For  the  same  K  we 
obtained  Tj,  =  54-='  -  GO^K.  On  the  other  hand,  the  linear  extra- 
polation  of  values  of  Tj,^  measured  by  us  in  the  interval  K  = 
0.33-0.6  to  the  value  K  =  U  carried  out  by  the  least-square  method, 
gives  Tft-  =  372  ±  75“K.  The  analogous  extrapolation  of  the  data 
communicated  in  (®)  gives  Tj^  =  470oK. 

Thus,  at  3.3  cm  brightness  temperatures  of  the  unilluminated 
hemisphere  of  Venus  determined  by  extrapolation,  turned  out  to 
be  rather  close  to  400-500oK.  At  the  same  time,  near  dichotomy 
the  brightness  temperature  measured  by  us  was  found  to  be  con¬ 
siderably  lower  than  according  to  the  data  (®).  It  means  that  at 
3.3  cm  the  phase  variation  of  Venus  brightness  temperatme  is 
apparently  considerably  less  than  it  was  indicated  in  (®). 
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The  above-mentioned  difiference  of  Venus  brightness  tempera¬ 
tures  measured  by  us  in  1961,  in  (®)  in  1958  and  also  in  the  earlier 
observations  of  1956  (’),  depends  apparently  on  the  inaccuracy  of 
extrapolations,  the  inexact  knowledge  of  radiation  fluxes  of  the 
sources  assumed  as  standard,  and  the  difference  in  calibration 
methods.  At  the  same  time  it  is  not  excluded  that  Venus  brightness 
temperatures  indeed  difier  one  from  another  in  different  years. 

At  9.6  cm  the  mean  value  (for  the  observation  interval)  of 
Venus  brightness  tem|)erature  measured  by  us  (690°K)  is  some¬ 
what  larger  than  that  obtained  by  F.  D.  Drake  ('®)  (-^  600°)  at 
10.0  cm.  However,  the  above  diflerence  is  within  the  .s\  stematical 
errors  of  measmeinents  (15  in  our  measurements  (‘^)  and  8  % 
in  (*^))  and,  apparently,  depends  on  the  difference  in  flux  densities 
of  the  sources  adopted  as  standard  at  calibraticm. 

Our  data  do  not  contradict  the  small  phase  variation  measured 
by  Drake  (‘•'■),  but  do  not  confirm  the  considerable  growth  of  the 
brightne.ss  temperature  with  the  increase  of  K  communicated  by 
C.  H.  .Alayer.  T.  P.  Me  Oullough  and  R.  M.  Sloanaker  (®). 

The  above-mentioned  anomalou.sly  high  (10O(i-l.")O0°K)  bright- 
ne.ss  temperatures  of  Venus  observed  by  us  on  ,\))ril  4  and  i!3  due 
to  difference  in  local  time  cannot  be  directly  compared  with  Drake’s 
data  (‘^)  which  mentioned  the  ab.sence  of  appreciable  variations 
of  Tfc-  for  the  whole  interval  of  observations. 

■f 

IV.  Dlsccssiox  of  the  OiiTAiNEi)  Resi'lts  and  Some 

Conclusions  about  Physic.al  Conditions  on  Venus 

All  our  results  together  with  the  results  of  other  radio  astrono¬ 
mical  investigations  of  Venus,  make  it  possible  to  draw  some 
conclusions  about  physical  conditions  on  the  planet. 

1.  Venus  temperature  conditions 

Dependence  of  Venus  brightness  temperature  averaged 
over  the  disk  on  the  relative  area  of  the  illuminated  part  of  the 
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disk  indicated  the  difiference  of  brightness  temperatures  of  the 
night  and  day  sides  of  Venus. 

a.  Surface  temperature  of  Venus  night  side. 

As  is  well-known,  in  the  general  case  the  brightness  tempera¬ 
ture  of  the  emitting  object  is  not  connected  directly  with  its  phy¬ 
sical  temperature.  Only  in  the  case  of  a  thermal  mechanism  of 
electromagnetic  radiation  of  an  optically  thick  layer  the  brightness 
temperature  is  equal  to  the  temperature  of  the  emitting  body. 
Therefore,  to  conclude  about  the  thermal  conditions  on  Venus, 
first  of  all  one  must  separate  the  thermal  component  of  its  radiation. 
For  the  thermal  radiation  component  of  the  isothermal  and  opti¬ 
cally  thick  medium,  independence  of  the  brightness  temperature  on 
the  wavelength  is  typical  (*). 

According  to  the  early  data  of  xAmerican  scientists  (’)  the  same 
brightness  temperatme  of  the  unilluminated  side  of  Venus  of 
~  6OO0K  was  obtained  at  3  and  10  cm.  This  gave  many  authors  the 
grounds  to  assume  that  the  radiation  in  those  ranges  is  thermal  and 
to  ascribe  it  to  the  surface  of  the  planet  with  the  temperature  (on  the 
night  side)  equal  to  000°K. 

.Vs  it  was  noted  above,  at  3  cm  the  extrapolated  data  give 
brightness  tem})eratm-e  of  the  imilluminated  side  of  Venus  of  400- 
SOO^K  which  is  less  than  in  However,  one  should  note  that  the 
results  obtained  by  means  of  extrapolation  with  the  presence  of 
relatively  large  errors  of  measurement  need  confirmation  by  direct 
measurements.  Confirmation  of  the  lowest  of  the  above-mentioned 
temperatures  will  show’  that  brightness  temperatures  of  unillu¬ 
minated  side  of  Venus  in  4  mm  —  3  cm  range  are  approximately  the 
same.  In  its  trun,  it  will  give  reasons  to  assume  Venus  radio  emission 
to  be  chiefly  thermal,  in  that  range.  However,  this  will  not  make 
possible  to  decide  unambiguously  whether  the  surface  or  the 
optically  thick  (up  to  4  mm  wavelength  ionosphere  is  responsible 

(*)  If  the  reflection  factors  are  the  same. 
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for  this  radiation.  The  later  assumption  is  of  small  probability  since 
it  requires  that  the  electron  concentration  exceeds  more  than  by 
four  orders  of  magnitude,  that  of  the  earth  ionosphere. 

It  is  most  probable  that  in  the  4  mm  —  3.3  cm  range,  radiation 
is  emitted  by  the  surface  or  the  near  to  the  surface  layer  of  the 
atmosphere,  and  that  the  brightness  temperature  of  this  radiation 
is  close  to  the  physical  temperature  of  the  unilluminated  surface  of 
Venus.  In  this  case  one  can  assume  that  the  surface  temperature  of 
the  nnilluminated  side  is  ~  400oK. 

On  the  i>ther  hand,  if  direct  measurements  at  3  cm  in  the 
inferior  conjmiction  give  the  brightness  temijerature  of  ~  600“K, 
it  is  not  excluded  that  the  siu’face  teiii]>erature  of  Venus  night  side 
reaches  6(H>”K.  (*) 

It  should  be  noted  that  the  above  temperatures  are  the  result 
of  averaging  over  the  unilluminated  side  of  Venus. 

b.  Temperature  of  Venm  Day  Side. 

In  order  to  determine  the  surface  temirerature  of  Venus  day 
side,  it  would  be  necessary  to  measure  its  brightness  temperature 
near  the  sujrerior  conjunction  (K  =  1)  at  different  wavelengths.  How¬ 
ever,  the  observations  carried  on  by  us  continued  only  three  months 
after  the  inferior  conjunction  (to  K  =  O.ti)  and  then,  were  stopped 
because  of  the  signal  weakening  caused  by  the  increase  of  the 
distance  from  Venus. 

Therefore,  according  to  the  up-to-date  data  available  on  radio 
observations  of  Venus  one  cannot  yet  determine  the  surface 
temperature  of  the  day  side.  It  is  possible  only  to  make  a  prelimi¬ 
nary  estimate  of  it  with  the  help  of  extrapolation  of  the  available 
data  to  K  =  1 .  Such  an  extrapolation  based  on  the  data  of  our 
observations  at  4  mm,  8  mm  and  3.3  cm  gives  the  brightness 
temperature  of  the  illuminated  side  ~  750-800®K.  However,  besides 

(*)  In  accordance  to  Mayer,  McCullough  and  Sloanaker’s  measure¬ 
ments  (this  symposium)  the  brightness  temperature  near  inferior  conjunction 
is  close  to  5.')0®K.  Therefore  the  iMt  assumption  seems  a  more  real  one. 
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the  thermal  component  connected  with  the  planet  surface,  a  contri¬ 
bution  due  to  the  ionosphere  can  probably  take  place,  in  this  case 
the  density  of  the  cytherean  ionosphere  should  be  larger  on  the 
day  side  than  on  the  night  side  of  Venus. 

The  question  about  the  separation  of  the  component  depending 
on  the  thermal  radiation  of  the  surface  can  be  solved  only  after 
carrying  out  additional  investigations.  At  present  one  can  only 
assume  that  the  surface  temperature  of  the  day  side  of  Venus 
apparently  does  not  exceed  SOO^K. 

2.  Rotation  of  Venus 

The  phase  dependence  of  the  brightness  temperature  averaged 
over  the  planet  disk,  at  4.8  mm  and  3.3  cm,  established  earlier  (*•  *) 
and  confirmed  by  present  observations  makes  it  possible  to  con¬ 
clude  that  the  rotation  period  of  Venus  exceeds  the  Earth  day. 
Indeed,  if  Venus  day  were  shorter  than  Earth  day,  then  carrying 
out.  day  after  day.  observations  of  Venus  radiation  averaged  over 
the  disk,  we  would  not  found  out  monotonous  varis*^ion  of  its 
brightness  temperature.  The  existence  of  the  phase  variation  speaks 
in  favoiu"  of  a  relatively  slow  rotation  of  Venus. 

Besides,  as  it  was  noted  in  ('),  relative  observations  of  the 
phase  variation  of  Venus  brightness  temperature  at  eastern  and 
western  elongations  make  it  possible  to  determine  the  sense  of  the 
planet  rotation.  One  should  expect  that  due  to  the  thermal  inertia 
of  the  substance  of  the  planet  surface  layer  at  equal  portions  of  the 
illuminated  part  of  its  disk,  the  brightness  temperatures  averaged 
over  the  disk  will  be  different  at  eastern  and  western  elongations, 
and  that  the  minimum  of  the  planet  brightness  temperature  will  be 
shifted  relative  to  the  point  of  the  inferior  conjunction.  Indeed,  at 
the  direct  rotation  of  the  planet,  it  will  face  the  Earth  observer  by 
its  morning  side  (rotation  from  the  unilluminated  side  to  the  illu¬ 
minated  one)  at  eastern  elongations  and  by  its  evening  side  (rotation 
from  the  illuminated  side  to  the  unilluminated  one)  at  western 
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elongation.  Therefore  at  eastern  elongations,  already  cold  dark  and 
not  heated  yet  illuminated  parts  of  the  planet  will  face  the  Earth’s 
observer.  At  western  elongations  the  observer  will  see  the  heated 
illuminated  and  not  yet  cooled  dark  parts.  It  is  obvious  that  at 
equal  relations  between  areas  of  the  illuminated  and  unilluminated 
parts  of  the  visible  disk  of  the  planet  (equal  K)  the  brightness 
temperatures  averaged  over  the  disk  will  be  lower  at  eastern  elon¬ 
gations  (comparing  to  western  elongations),  and  the  brightness 
temperature  minimum  will  be  shifted  towards  eastern  elongations. 
At  the  inverse  sense  of  the  rotation  we  shall  have  an  opposite 
situation. 

We  carried  out  observations  just  near  the  inferior  conjunction 
at  4  and  8  mm.  In  both  cases,  apparently,  a  shift  of  the  minimum 
takes  place  towards  eastern  elongations  that  shows  the  direct 
rotation  of  V’enus  about  its  axis. 

The  shift  of  To  minimum  allows  also  to  point  out  that  the 
rotation  i)eriod  of  Venus  cannot  be  equal  to  its  period  of  revolution. 
Indeed,  in  this  case  the  planet  would  always  face  the  Sun  by  one 
side  and  its  surface  would  have  a  stationary  distribution  of  tempera¬ 
tures  dejM-Miding  only  on  the  illumination  by  the  Sun.  Therefon;,  at 
equal  jjhases  the  brightness  temperatures  averaged  over  the  visible 
disk  will  be  the  same  at  western  and  eastern  elongations,  and  the 
minimum  will  take  place  exactly  in  the  inferior  conjunction. 

3.  Vemis  ionosphere 

Since  at  10  cm  Venus  brightness  temperature  (~  600-700°K) 
is  apparently  higher  than  at  shorter  wavelengths,  one  can  assume 
that  in  this  range,  the  medium  located  above  the  planet  surface  is 
responsible  at  least  for  some  part  of  this  radiation.  The  cytherean 
ionosphere  could  be  such  a  medium  if  its  optical  thickness  is  close 
to  1  at  10  cm.  In  this  case  the  brightness  temperature  of  the  planet 
radiation  will  be  close  to  the  kinetic  temperature  of  electrons  in  the 
ionosphere.  At  shorter  wavelengths  the  ionosphere  will  become 
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transparent  and  the  received  radiation  will  bo  a  thermal  radiation 
of  the  surface  and  the  near-to-surfaoe  layer  of  the  atmosphere. 

As  is  well-known  a  serious  difficulty  in  this  model  is  the  mecha¬ 
nism  of  production  and  keeping  of  a  rather  high  electron  oonoen- 
tratiou  in  the  Venus  ionosphere  necessary  to  explain  the  obtained 
results  (at  the  altitude  of  the  inhomogeneous  ionosphere  of  100  km 
it  is  necessary  that  N*  =  5.10*  cm-  •), 

Calculations  carried  out  by  Danilov  (**)  for  Venus  atmosphere 
consisting  chiefly  of  CO|  have  shown  that  if  the  only  ionizing 
factor  is  solar  ultraviolet  radiation,  then  the  maximum  of  the 
electron  density  will  be  10*  om~*.  Thus,  for  the  production  of  N«  » 
5.10*  cm~*,  additional  ioniziug  xaotors  are  necessary. 

According  to  D.  £.  Jones  (**),  in  the  case  when  the  Venus 
magnetic  field  is  1/30  of  the  Earth’s  magnetic  field,  the  necessary 
ionization  can  be  caused  by  solar  corpuscular  streams. 

As  another  possible  ionizing  factor,  one  can  suggest  meteoric 
fluxes.  As  is  well-known,  in  the  Earth’s  ionosphere  the  electron 
concentration  in  the  meteor  tracks  reaches  10*®  —  10**  cm“*  (*’). 
However,  to  obtain  the  necessary  mean  electron  concentration  of 
6.10*  cm~*,  it  is  necessary  for  the  density  of  those  fluxes  to  be  by 
some  orders  of  magnitude  laiger  near  Venus  than  in  the  vicinity  of 
the  Earth. 

If  at  10  cm  Venus  ionosphere  has  optical  thickness  close  to  1, 
then  one  should  expect  that,  at  the  moments  of  the  increase  of  the 
activity  of  the  ionizing  factors,  the  ionosphere  will  also  make  an 
additional  contribution  to  the  planet  radiation  at  3  cm.  In  this 
connection,  it  is  interesting  to  compare  the  results  of  the  measures 
of  the  Venus  brightness  temperature,  in  this  wavelength  range, 
carried  out  in  different  years  corresponding  to  various  phases  of 
the  ll-years  cycle  of  solar  activity. 

The  surface  temperature  of  the  planet  and,  therefore,  the  inten¬ 
sity  of  its  thermal  radiation  cannot  apparently  change  considerably 
in  connection  with  the  decrease  of  the  solar  activity.  However,  one 
can  assume  that  some  portion  of  the  Venus  radiation  at  3  cm  is 
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generated  by  ita  ionosphere,  the  state  of  which  must  be  closely 
connected  with  the  11-year  cycle  (*). 

Another  difficulty  of  the  ionosphere  model  is  its  matching 
to  the  available  data  of  radar  observations  (*•')  from  which  it 
follows  that  the  reflection  factor  of  Venus  is  ~  0. 1  at  12  and  43  cm. 
If  the  optical  thickness  of  the  ionosphere  is  l  at  10  cm,  then  at 
a  longer  43  cm  wavelength  it  will  be  for  sure  greater  than  1  and  the 
observed  reflection  can  take  place  only  from  the  ionosphere  itself. 

However  to  obtain  such  a  reflection,  the  gradient  of  the 
electron  concentration  in  Venus  ionosphere  must  be  very  large. 

To  conclude,  it  should  be  noted  that  although  the  obtained 
materials  allow  us  to  make  some  considerations  about  the  physical 
conditions  on  Venus,  at  the  present  time,  it  is  apparently  impos¬ 
sible  to  prefer  any  available  model  of  the  planet.  It  is  possible  that 
the  solution  of  the  problem  will  be  found  in  some  combination  of 
these  models. 

In  order  to  clear  up  the  question,  additional  measurements 
in  a  wavelength  range  as  wide  as  possible,  during  a  sufficiently 
large  period  of  observations,  are  necessary. 
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33.  —  3.16  CM  OBSERVATIONS  OF  VENUS  IN  1961 


C.  H.  MAYER,  T.  P.  McCULLOUGH  and  R.  M.  SLOANAKER 
Radio  Astronomy  Branch,  (J.  S.  Naval  Research  Laboratory 
Washington,  D.  C.,  U.  S.  A. 

A  long  series  of  observations  of  the  3.15  cm  radiation  from 
Venus  which  included  the  inferior  conjunction  of  April  11,  1961 
was  made  to  investigate  the  dependence  of  the  radio  emission  on  the 
phase  of  solar  illumination  which  had  been  suggested  by  previous 
observations  (Mayer,  McCullough,  and  Sloanaker,  1968,  1960 ; 
Alsop,  Giordmaine,  Mayer,  and  Townes  1958,  1959 ;  Kuzmin  and 
Salomonovich  1960).  The  observations  were  made  using  the  60  foot 
reflector  at  the  Naval  Research  Laboratory  in  Washington  which 
was  equipped  Mrith  a  superheterodyne  radiometer  similar  to  those 
previously  used  but  with  improved  sensitivity  mainly  due  to  better 
crystal  mixers  and  a  broader  bandwidth.  The  rms  fluctuation  at 
the  output  of  the  radiometer  with  a  two  second  time  constant 
was  1  /40K.  Each  day  of  the  observations,  a  large  number  of  drift 
scans  were  made  across  Venus  with  on  the  average  about  10  at  the 
proper  declination  for  Venus  and  the  rest  at  declinations  above  and 
below  the  proper  one  to  check  the  pointing  of  the  antenna.  The 
intensity  scale  of  the  radiometer  was  calibrated  at  about  20  minute 
intervals  using  an  argon  discharge  noise  source  which  in  turn  was 
calibrated  against  a  thermal  noise  source  before  the  observations 
were  started  in  March  and  again  after  the  observations  were 
completed  in  September.  In  addition,  the  overall  system  calibration 
was  monitored  on  as  many  days  as  possible  by  observing  the  radio 
source  Taurus-A. 

Observations 

The  observations  are  summarized  in  Figure  1  where  daily 
average  antenna  temperatures  for  Taurus-A  and  Venus  are  plotted 
in  the  upper  graph  and  the  corresponding  daily  values  for  the 
apparent  blaokbody  disk  temperature  of  Venus  are  plotted  in  the 
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lower  graph.  The  measurements  of  Taurus-A  showed  gradual 
changes  with  time  of  maximum  amplitude  of  about  ±2-^  percent 
which  were  taken  to  be  indications  of  changes  in  the  overall  system 
calibration  or  the  transmission  of  the  earth’s  atmosphere  and  were 
applied  as  corrections  to  the  Venus  observations.  The  antenna 
temperature  of  Venus  increased  to  a  maximum  of  3.8<*K  and  reached 
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a  level  of  about  O.S^K  near  the  end  of  the  measuring  period.  The 
single  point  of  August  31  corresponds  to  an  antenna  temperature 
for  Venus  of  0.25oK. 

The  dculy  average  values  of  the  blaokbody  disk  temperature 
were  corrected  for  (1)  an  averaging  reduction  due  to  pointing  errors 
of  2  percent,  (2)  the  calculated  atmospheric  absorption  based  on 
average  meteorological  conditions  which  was  less  than  2  percent 
for  80  percent  of  the  data,  (3)  a  decrease  in  the  gain  of  the  antenna 
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at  altitude  angles  lees  than  40  degrees  of  from  0  to  9  percent  mazi- 
mum,  but  which  affected  only  20  percent  of  the  data,  (4)  the  correc¬ 
tion  derived  from  the  observations  of  Taurus-A  within  the  range 
of  about  ±  2-1  /2  %.  The  observed  scatter  of  the  individual  measu¬ 
rements  around  the  daily  means  are  indicated  by  the  bars  along  the 
bottom  axis.  From  the  radiometer  noise  level,  the  antenna  tempe¬ 
rature,  and  estimates  of  other  sources  of  error,  a  scatter  of  about 
20‘*K  near  inferior  conjunction  and  about  lOO^K  in  July  would  be 
reasonable.  The  day  to  day  scatter  predicted  from  experimental 
errors  is  about  SS^K  peak  to  peak  near  conjunction  and  about 
120OK  peak  to  peak  in  July.  The  observed  values  are  close  to  the 
predicted  experimental  scatter  both  for  individual  measurements 
and  for  day  to  day  averages  and  indicate  little  if  any  short  term 
variation  in  the  observed  3.15  cm  emission  of  Venus. 

Phasb  Dependence  of  the  Blackbody  Disk  Tempebatube 

The  dependence  of  the  apparent  blackbody  disk  temperature 
on  phase  angle  is  illustrated  in  Figure  2  where  the  plotted  points 
are  the  daily  average  values.  A  least  square  fit  to  these  points  gives 
Tbb  =  6360K  -f  89<>K  cos  (i  —  12. 1®) 
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which  oorreeponds  to  a  minimum  blaokbody  disk  temperature  at  a 
phase  angle  12  degrees  after  inferior  conjunction  of  647oK  and  an 
extrapolated  maximum  of  726*’K. 

The  daily  average  values  are  not  of  equal  weight  because  of  the 
change  in  the  measured  intensity  by  a  factor  of  10  during  the  obser¬ 
vations.  To  take  this  into  account,  an  extreme  weighting  propor¬ 
tional  to  the  square  of  the  intensity  was  applied  to  the  data. 
A  least  square  fit  to  the  result  gives 

Tbb  =  6210K  -f  73«>K  cos  (t  —  II.70) 
which  corresponds  to  a  minimum  blackbody  disk  temperature  at 
a  phase  angle  12  degrees  after  inferior  conjunction  of  548oK  and 
an  extrapolated  maximum  of  694oK.  For  the  measured  data,  the 
best  solution  is  probably  somewhere  between  the  unweighted  and 
the  extremely  weighted  solutions.  The  probable  errors  derived 
from  the  least  square  analysis  of  the  w'eighted  data  are  S^K  for  the 
time  average  value  of  621“K,  for  the  am})litude  of  the  cosine 
term  of  73oK,  and  22  degrees  for  the  phase  angle  lag  after  inferior 
conjunction  of  11.7  degrees. 

In  addition  to  the  uncertainty  in  the  weighting  of  the  data, 
the  main  uncertainties  in  the  measured  values  are  thought  to  be 
from  systematic  errors.  The  principal  uncertainty  in  the  time 
avenge  value  is  the  uncertainty  in  the  effective  area  of  the  antenna 
which  has  been  estimated  as  about  11  %.  This  same  uncertainty 
applies  to  the  absolute  magnitude  of  the  phase  variation.  The 
maximum  error  in  the  phase  variation  caused  by  a  systematic  over¬ 
estimating  of  weak  intensities  is  estimated  to  be  2  or  3  percent.  This 
estimate  is  based  first  on  reductions  of  the  data  both  by  reading 
individual  drift  curves  and  by  averaging  the  drift  curves  point  by 
point  prior  to  reading,  and  second  on  readings  of  experimentally 
simulated  drift  curves  of  known  intensity.  The  estimated  effects  of 
systematic  instrumental  errors  such  as  non-linearity  are  negligible. 

Our  conclusions  from  the  observations  are  that  the  3.16  cm 
emission  of  Venus  varies  with  the  phase  of  solar  illumination  and 
that  the  minimum  is  reached  about  12  degrees  after  inferior  con- 
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junction.  The  simple  solutions  found  by  fitting  the  first  two  terms 
of  a  Fourier  series  to  the  measurements  place  the  probable  magni¬ 
tude  of  the  phase  variation  between  ±  73®K  and  ±  89«K  with 
some  preference  for  the  lower  value. 


COMPABUOK  WITH  PREVIOUS  NRL  OBSERVATIONS  NEAR  A  WAVE¬ 
LENGTH  OS  3  cm 


The  daily  averages  of  the  blackbody  disk  temperature  are 
compared  in  Figure  3  with  the  daily  values  from  previous  obser- 
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«  BEFORE  INF.  CONJ.,  3.15cm,  1956 
»  AFTER  INF.  CONJ.,  3.4  cm,  1958 

•  3.37cm,  1958  (FROM  ALSOP,  GIORDMAINE, 

MAYER,  a  TOWNES). 

•  3.15  cm,  1961. 

Fig.  3 

vations  made  using  the  50  foot  reflector  at  wavelengths  near  3  cm 
in  1066  and  1958.  The  reproducibility  appears  good,  and  there  is  no 
apparent  evidence  in  these  data  for  changes  in  the  emission  charac¬ 
teristics  of  Venus  from  one  inferior  conjunction  to  another. 
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DisoTTSSioir 


ObflenrationB  at  10  om  wavelength  made  over  the  same  time 
interval  have  been  published  by  F.  D.  Drake  (1962),  and  the  result 
indicates  a  small  but  apparently  significant  phase  variation  in  the 
radiation  from  ^enus  at  this  longer  wavelength.  Drake’s  solution 
gives  the  following  result. 

Tb,  ==  622»K  (9)  +  390K  (12)  cos  (i  —  17o) 

The  time  average  radio  brightness  temperature  observed  by 
Drake  at  10  om  and  that  at  3.16  om  from  the  observations  described 
here  agree  closely,  and  as  a  result  there  is  no  significant  evidence 
for  a  temperature  gradient  or  a  difference  in  emissivity  from  these 
results. 

The  magnitude  of  the  phase  variation  is  much  smaller  at 
10  om  than  at  3.15  om  which  is  consistent  with  the  emission  of  the 
longer  wavelength  at  a  deeper  level  as  is  expected  in  the  absence  of 
ionospheric  effects.  The  minin’  lun  of  the  phase  variation  is  observed 
after  inferior  conjunction  in  both  oases,  by  12  degrees  at  3.15  cm 
and  by  17  d^rees  at  10  om,  although  the  uncertainty  in  the  phase 
angle  is  rather  high.  The  larger  phase  lag  at  the  longer  wavelength 
would  also  be  consistent  with  the  emission  of  the  10  om  radiation  at 
a  deeper  level  than  the  3.16  om  radiation.  The  observation  of  the 
minimum  after  inferior  conjunction  suggests  that  the  rotation 
period  of  Venus  is  not  the  same  as  the  orbital  period,  and  that  the 
sense  of  the  rotation  is  retrograde.  The  larger  phase  variation  at 
8.15  om  than  at  10  om  could  also  be  consistent  with  emission  from 
the  ionosphere  at  Venus,  as  variations  in  the  ionization  would  be 
more  evident  at  the  short  wavelengths  where  the  medium  becomes 
more  transparent,  but  short  time  variations  might  be  expected 
from  this  same  cause. 
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DISCUSSION  DE8  COMMUNICATIONS  23  &  33. 


£.  J.  Ofik  (23).  —  A  layer  of  accumulated  dust  and  rubble  will  provide 
protection  from  further  erosion.  For  Mercury,  as  well  as  for  the  moon,  the 
fraction  of  new  eroded  mass  will  be  insignificant. 

C.  Saoam  (23).  —  Dr.  Hodge  was  concerned  that  the  low  surface  atmoe* 
pheric  pressure  on  Mercury,  detected  polarimetrically  by  Dollfus,  was 
still  large  enough  to  prevent  substantial  micrometeoritio  erosion  of  Merciuy. 
I  would  like  to  point  out  that  whatever  atmosphere  may  exist  on  the  stuilit 
side  of  Mercury  must  be  absent  in  the  dark  hemisphere  because  of  the 
extremely  low  temperatures  —  all  gases  are  probably  frozen  out.  Therefore, 
the  micrometeoritio  erosion  and  redistribution  of  surface  material  must 
occur  preferentially  on  the  dark  side.  In  a  way,  this  is  unfortunate,  because 
many  of  us  had  hoped  that  the  dark  side  of  Mercury  would  provide  an 
historical  record  on  the  interplanetary  material  in  the  inner  regions  of  the 
solar  system  dating  back  to  the  times  of  origins  —  with  the  older  material 
being  deepest.  If  substantial  stirring  and  erosion  occurs,  this  record  will 
not  be  in  the  pristine  state  we  would  desire. 

J.  Roscu  (34).  —  To  which  part  of  the  Saturn  rings  do  your  spectro¬ 
meter  tracings  refer? 

G.  P.  Ktui’EB  (24).  —  A  square  area,  on  one  side,  8"  X  8"  covering 
rings  A,  B  and  C. 

H.  A.  CtKBBiE,  G.  Koland,  L.  DELBOurLEE  (24).  —  Nous  croyons  utile 
de  presenter  ici  un  spectre  infra-rouge  de  Jupiter  tout  r^cemment  obtenu 
au  moyen  d’un  interfSrom^tre  de  Michelson. 
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Lea  obaervationa  ont  M  faitea  k  I'Obaervatoire  de  Haute-Provenoe, 
daoB  dee  oonditiona  exp^imeataiea  tout  b  fait  oomptuablea  b  oellea  utilia^ 
an  1961  pour  I’^tude  de  Venua  (H.  A.  Gebbie,  L.  Delbouille  et  G.  Roland  : 
Monthly  Notices,  126,  497,  1962). 

La  figure  inontre  un  apectre  de  Jupiter  calculi  aveo  une  r4aolution 
d’environ  40  cm~>,  ainai  qu’un  apectre  de  la  Lune  obtenu  la  m6me  nuit  aveo 
le  mSme  4quipement.  Une  comparaiaon  rapide  de  oea  deux  r^aultata  met  en 
Evidence  la  tree  forte  abaorption  de  I’atmoaphbre  de  Jupiter  dana  la  region 
de  6000  b  3000  cm”*,  et  indique  une  autre  region  d’abaorption  vera  6500  om“‘. 

Faiaona  remarquer  encore  quo  la  quantity  de  vapour  d’eau  pr^aente  dana 
Tatmoaphere  terreetre  au  moment  de  cea  deux  obaervations  5tait  ctaaez 
grande  (on  peut  noter  I’importance  de  la  bande  de  H,0  a  8800  cm“‘  et  le 
bruit  non  n^gligeable  provonant  dea  fiuctuationa  do  I'abaorption  atmoaph4- 
rique  pendant  lea  meauroe,  rodiatributiea  aur  tout  le  spectre  par  I’analyae 
harmonique).  Nous  enviaageona  d’effectuer  prochaineinent  d'autres  obser¬ 
vations  par  dea  nuita  plus  siVhea,  et  pennettant  d'atteindre  une  plus  haute 
rtieolution. 

D.  H.  Menzel  (30).  —  I  deeagree  with  Dr.  Sagan's  suggestion  that  the 
yellow  color  of  Venus  may  be  an  effect  of  Rayleigh  scattering.  It  is  true 
that,  for  an  observer  near  the  surface  the  incident  radiation  —  sky  plus 
direct  beam  —  will  be  reddened.  But  this  reddening  arises  from  the  fact 
that  the  missing  blue  light  has  been  scattered  outwards.  1  concede  that, 
near  inferior  conjunction,  some  reddening  may  occur,  but  this  must  be 
balanced  by  excesa  blue  near  superior  conjunction. 

C.  Saoan  (30).  —  There  is  a  )>aper  by  Coulaon  in  which  multiple  scat¬ 
tering  in  a  Rayleigh  atmosphere  is  considered,  and  the  outgoing  radiation 
computed.  The  computation  ia  made  for  an  atmosphere  of  terrestrial  mass 
but  for  very  large  zenith  angles  which  give  ut>  an  idea  of  the  effect  of  more 
massive  atmosphere.  As  the  effective  pathlength  increases,  the  light  scat¬ 
tered  out  of  the  atmosphere  is  increasingly  reddened. 

D.  H.  Menzel  (30).  —  1  have  not  seen  the  work  Dr.  Sagan  has  referred 
to,  but  elementary  principles  show  that  it  must  be  wrong.  A  perfect  Rayleigh 
atmosphere  of  infinite  extent  must  essentially  scatter  into  space  all  the 
incident  radiation.  It  will,  therefore,  appear  white.  If  the  atmosphere  is  not 
infinite  the  blue  light  will  be  dispersed  in  the  upper  atmosphere.  The  planet 
must  appear  blue  in  integrated  light,  though  some  variation  of  color  with 
phase  may  occur. 

E.  J.  Ofik  (27)  (30).  —  For  more  reliable  results,  extrapolation  of  the 
temperature-pressure  relation  should  be  ntade  logarithmically,  and  not 
linear  T  versus  P,  or  T  versus  log  P. 

C.  Saoan  (30).  —  The  extrapolation  was  not  made  free-hand ;  the 
choice  of  axes,  linear,  semi -long,  or  long  does  not  affect  the  results.  The 
data  point  were  fit  assuming  convection  equilibrium,  and  the  adiabats 
were  simply  continued  to  the  surface. 
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H.  E.  Stncss  (30).  —  I  do  not  think  that  the  large  amounts  of  COt  in 
the  atmoaphere  of  Venus  have  aa3rthing  to  do  with  the  Urey  equilibrium. 
Relatively  large  amounts  of  carbon  in  the  surface  material  of  Venus  would 
explain  the  absence  of  O,  and  the  high  CO(  pressure.  Absence  of  water  makes 
it  probably  that  sulphur  compounds  might  be  contributing  to  the  formation 
of  clouds.  Has  a  search  been  made  for  sulphur  compound  in  the  atmosphere 
of  Venus! 

C.  Sagan  (30).  —  The  original  suggestion  that  failure  of  the  Urey 
equilibrium  may  explain  the  large  amounts  of  carbon  dioxide  on  Venus 
was  made  by  Urey  a  decade  ago.  The  equilibrium  partial  pressure  carbon 
dioxide  on  the  Earth  computed  on  the  assumption  that  the  Urey  equili. 
briiun  obtains,  gives  a  result  which  is  within  about  1  order  of  magnitude 
of  the  observed  terrestrial  carbon  dioxide  abundance.  For  this  reason  I 
think  it  is  at  least  a  natural  line  of  attack  to  assume  that  the  failure  of  the 
Urey  equilibrium  is  the  cause  of  the  large  abundance  of  CO|  on  Venus. 
However,  I  would  like  to  point  out  that  neither  the  failure  of  the  Urey 
equilibrium  nor  Suess’  assumption  of  large  amounts  of  surface  carbonaceous 
material  on  Venus  explain  the  high  partial  pressure  of  nitrogen  which  are 
also  indicated  on  Venus.  As  for  sulphur  compounds  in  the  C3rtherean  atmos¬ 
phere,  an  unsuccessful  search  for  sulphur  dioxide  has  been  made  many 
years  ago  by  Kuiper  (G.  P.  Kuiper,  Atmospheres  of  the  Elarth  and  Planets, 
revised  edition.  University  of  Chicago  Press,  Chicago,  Chapter  12,  1952). 

A.  H.  BAJUunr  (30).  —  What  water  vapor  abundance  is  required  to 
support  clouds  of  water  droplets? 

C.  Sagan  (30).  —  To  explain  the  millimeter  spectrum  by  water  droplets, 
a  total  water  vapor  abundance  below  the  clouds  of  several  tens  of  gm  om~* 
are  required  for  an  adiabatic  lapse  rate  on  the  dark  side  ;  of  several  hundreds 
of  gm  cm~'  for  a  half  adiabatic  lapse  rate.  The  required  water  vapor  mixing 
ratio  is  then  several  orders  of  magnitude  greater  than  the  values  obtained 
by  Spinrad. 

A.  H.  Babbktt  (30).  —  I  would  like  to  caution  against  drawing  con¬ 
clusions  about  the  temperature  on  the  sunlit  hemisphere  on  the  basis  of 
published  microwave  phase  data.  The  existing  data  cover  a  small  range  of 
phase  angles  and  sunlit  temperatures  derived  thereby  involve  a  considerable 
extrapolation.  Conclusions  that  the  sunlit  temperature  may  iqiprocwh 
1000°  K  are  based  on  an  unrealistic  model  consisting  of  constant,  and  dififs- 
rent,  temperattiree  for  the  dark  and  sunlit  hemispheres.  When  these  circum¬ 
stances  are  coupled  with  the  inherent  poor  accuracy  of  radio  measurements, 
the  need  for  exUeme  care  in  using  these  data  to  define  models  of  Venus  is 
obvious. 

C.  Sagan  (80).  —  The  preceding  conclusions  depended  only  on  the 
existenoe  of  a  moderated  phase  effect  :  60  or  100°K.  Such  phase  effects 
have  been  reported  by  Dieke,  by  Uayer,  and  by  Kusmin  and  Salomonovitoh ; 
Lilley  has  suggested  much  greater  phase  effects.  1  certainly  agree  that  better 
observations  would  be  very  useful. 
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O.  dfl  VAUOOTTiiXTrBa  (30).  —  The  temperature  at  the  oooultation  level 
is  T  =  7.0  m,  henoe  depends  on  the  00,  mixing  ratio.  To  what  level  does 
your  value  of  240<>K  refer  t 

C.  Saoan  (30).  —  240°  K  was  not  the  temperature  at  the  occultation 
level ;  it  was  the  temperature  at  the  cloud  top,  obtained  from  the  occultation 
data  under  tlie  assumption  of  radiative  equilibrium  between  the  two  levels. 
The  oooultation  temperature  was  about  203°  K. 

S.  I.  Rasool  (30).  —  With  regard  to  the  attenuation  of  microwave 
radiation  by  clouds,  I  had  done  similar  calculations  for  different  thicknesses 
of  water  clouds  in  order  to  explain  the  observed  relative  decrease  cf  radiation 
from  Venus  at  8  mm.  If  Ifr.  Chairman  aliours  I  should  like  to  show  a  slide 
to  this  respect  (see  figure  I). 
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The  attenuation  by  different  cloud  thicknesses  has  been  plotted  as  a 
function  of  wavelength.  It  is  seen  that  a  2  km  thick  cloud  is  almost  completely 
transparent  to  3  cm  radiation,  but  absorbs  about  50  %  of  the  8  mm  radiation. 
I  had  therefore  estimated  the  Venus  clouds  thickness  ~  2  km,  which  could 
have  explained  the  observed  spectrum  of  Venus  radio  temperatures. 

Now  that  observations  at  4  mm  are  also  available  (see  Mayer’s  review 
paper)  and  the  temperature  at  this  wavelength  is  about  the  same  as  at  B  mm, 
figure  I  suggests  that  if  the  Venus  clouds  are  a  terrestrial  typ>a,  then  thickness 
may  be  either  <  0.5  km  or  >  4  km.  The  thicknesses  in  between  would  bo 
absorbing  the  8  and  4  mm  radiation  differentially,  which  will  contradict 
the  observations. 

F.  Link  (32).  —  En  ce  qui  concome  le  sens  de  la  rotation  directe  ddduite 
des  mosures  radio-astronomiques,  Tasyrndtrie  de  I'allongement  dee  comes 
de  Venu.s  (voir  BAC  10,  114.  19.50  ;  .4.  J.,  55.  184,  1949)  me  conduit  k  la 
mcme  conclusion. 

E.  J,  OpiK  (33).  —  A  moderate  effect  of  phase  in  the  microwave  tempe¬ 
rature  of  Venus,  as  now  propositi,  may  be  an  effect  of  opacity  and  emission 
level  and  need  not  necessarily  contradict  the  aeolospheric  model.  Very 
much  larger  phase  effects  fonnerly  suggested  by  other  authors  indicate  a 
large  margin  of  nneertainty  in  the  reaUty  of  the  phase  effect. 
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34.  —  PRECISION  MAPPING  OP  MARS 


G.  DE  VAUCOULEURS 

Department  of  Astronomy,  University  of  Texas,  Austin,  Texas 
and  Harvard  College  Observatory,  Cambridge,  Mass.,  U.  S.  A. 


1.  Introduction 

The  need  for  accurate  maps  of  Mars  has  been  obvious  since 
the  beginning  of  the  space  age.  Within  a  few  years  close-up  TV 
photography  of  the  surface  of  Mars  will  be  attempted  by  reconnais¬ 
sance  probes  of  the  Mariner  series.  At  present  discrepancies  of 
5  to  10  degrees  (*)  or  more  are  not  uncommon  in  the  areographio 
coordinates  of  even  well-defined  points  on  different  maps.  It  is 
clear  that  such  maps  of  .Mars  will  not  meet  the  requirements  of 
the  planetary  exploration  program  a  few  years  hence.  In  antici¬ 
pation  of  this  need  for  a  geometrically  accurate  net  of  reference 
points  a  program  for  the  precision  mapping  of  the  surface  of  Mars 
was  initiated  by  the  author  in  1958  at  Harvard  Observatory  under 
the  general  direction  of  D.  H.  Menzel  and  with  the  assistance  of 
R.  Wright,  C.  S.  Yii,  and  Mrs  L.  Hudson.  Since  1960  the  program 
has  been  continued  under  the  immediate  supervision  of  A.  T.  Young 
at  Harvard  Observatory  and  by  the  author  assisted  by  R.  Wright, 
H.  Abies,  J.  Roth,  and  Mrs.  V.  Wittasek  at  the  University  of  Texas. 
This  program  has  been  supported  and  assisted  in  various  ways 
since  its  inception  by  the  Cambridge  Research  Laboratories,  Air 
Research  and  Development  Command,  U.  S.  Air  Force,  by  the 
Applied  Research  Laboratory,  General  dynamics  —  Fort  Worth, 
and  by  the  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology. 

(*)  1  areocentrio  degree  =  60  km  at  the  surface  =  0"12  (0"22)  in  the 
center  of  the  disk  at  aphelic  iperihelio)  oppositions. 
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2.  Thb  Mass  Map  Pbojbot 


The  Mars  Map  Project  has  developed  during  the  past  four 
years  in  the  following  foiir  main  directions  : 

1.  Preparation  of  a  detailed,  critical  compilation  of  published 
areographic  coordinates  (visual  and  photographic)  for  the  oppo¬ 
sitions  of  1909  to  1954  (*). 

2.  Preparation  of  a  map  and  list  of  areographic  coordinates 
from  visual  observations  at  Lowell  Observatory  during  the  oppo¬ 
sition  in  1958  (*•  *). 

3.  Checks  on  the  basis  of  the  areographic  coordinates  system 
(coordinates  of  pole,  rotation  period,  ellipticity  of  globe)  and  study 
of  systematic  and  accidental  errors  (zero  points,  phase  effect,  defi¬ 
nition  of  stations)  (’•  *). 

4.  Measurement  of  areographic  coordinates  on  composite 
enlargements  of  photographs  by  W.  S.  Finsen  (Union  Observatory 
1954,  1966)  and  by  R.  B.  Leighton  (Mount  Wilson  Observatory 
1966). 

The  following  is  a  summary  of  the  main  results  to  date. 

3.  SocRCBS  OF  Areographic  Coordinates  (‘) 

A  total  of  49  different  sources  of  areographic  coordinates  are 
available  for  the  three  cycles  of  oppositions  from  1909  to  1954 
during  which  21  observers  contributed  a  total  of  2,300  values  (from 
over  12,000  independent  measurements)  for  686  areographic  stations 
(307  from  visual  observations,  429  from  photographic  observations, 
with  160  in  common).  These  were  carefully  checked  by  Mr.  Wright 
through  a  critical  study  of  the  original  sources.  Ref.  1  gives  a  homo¬ 
geneous  survey  of  this  material  with  a  detailed  cross-identification 
of  the  points  ;  it  includes  a  series  of  28  maps  on  transparent  paper 
showing  the  precise  locations  of  the  stations  measured  by  each 
observer  at  each  opposition  (Fig.  1)  with  extensive  notes  as  to 
misidentifioations,  misprints  and  other  errors  ;  the  stations  can  be 
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identified  by  meane  of  an  outline  map  of  the  topography  (Fig.  2) 
and  two  combined  maps  of  all  well-identified  points,  one  for  the 
visual  observations  (307  points)  and  one  for  the  photographic 
observations  (429  points)  (Fig.  3,  4).  A  double-entry  table  of 
«  Master  List  Numbers  »  provides  the  cross-identification  between 
the  individual  maps  and  the  combined  maps  which  are  all  precisely 
on  the  same  scale.  The  areographic  coordinates  themselves  and 
other  relevant  data  have  been  recorded  on  IBM  punched  cards  for 
statistical  analysis  and  future  publication. 

An  extension  of  the  survey  of  areographic  coordinates  data  to 
the  period  1877-1907  is  in  progress. 

4.  Abkoobaphic  Coobdinatis  and  Map  fob  1968  (*•  *•  ^) 

The  opposition  of  Mars  in  1958  was  observed  by  the  author  at 
Lowell  Observatory,  Flagstaff,  Arizona.  Some  32  carefully  posi¬ 
tioned  drawings  of  the  disk  were  secured  between  October  4  and 
November  22,  1968  with  the  24-inoh  refractor  generally  dia- 
phragmed  to  18  or  21  inches  and  magnifications  of  360  x  to  660  x  (*). 
Areographic  coordinates  of  646  pmnts  of  the  surface  (Fig.  6)  were 
derived  from  2321  coordinate  pairs  measured  on  these  drawings  by 
Mr.  Wright  using  orthographic  coordinate  grids  prepued  by 
Dr.  C.  S.  Yii,  Hood  Coll^,  Maryland.  The  reduction  of  the  data 
recorded  on  punched  cards  was  made  through  the  courteqr  of 
Drs.  A.  B.  Hibbs  and  R.  Eimer  with  the  IBM  7090  computer  of  the 
Jet  Propulsion  Laboratory.  The  use  of  an  electronic  computer  made 
possible  a  much  more  thorough  allowance  for  qrstematic  effects, 
weights,  and  other  fiK$tors  than  in  earlier  work.  Table  1  gives  as  an 
example  the  output  of  the  machine  (2nd  approximation)  for  a 
typical  first-class  point  (N**  2001  =  VML  N**  20  —  Juventae  Fons). 
The  internal  probabte  errors  of  the  adopted  mean  coordinates  (in 
the  system  of  the  1968  ephemeris ;  cf.  section  6  below)  of  well- 
defined  and  well-observed  points  are  of  the  order  of  ±  1*H)  in  longi¬ 
tude  and  :i:  0<*6  in  latitude,  near  the  equator  (*).  A  comparison  of  the 
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longitudes  derived  from  drawings  and  from  transits  indicates  a 
negligible  systematic  difference  (0'*3  d:  p.  e.)-  A  comparison'  of 

visual  longitudes  (corrected  for  phase  effect)  in  1939  (*)  and  in 
1968  C)  tends  to  support  the  correction  to  the  (old)  ephemeris 
rotation  period  derived  by  Ashbrook  in  1963  (*)  and  adopted  in 
the  ephemeris  since  1960  (of.  section  6  below). 

Two  maps  in  Aitoff  equal  area  projection  based  on  the  1968 
observations  (Fig.  6,  7)  were  prepared  by  Mr.  J.  Roth,  using  a 
photometrically  checked  step  scale  of  «  gray  »  to  transfer  to  the 
maps  the  relative  brightness  or  « tone  »  values  of  the  dark  and 
bright  regions.  The  visual  step-values  (i.  e.,  relative  surface  bright¬ 
nesses  on  a  logarithmic  scale)  of  the  various  regions  were  derived 
from  over  1,000  photometric  estimates  made  during  the  1968 
opposition  and  previously  reduced  to  a  standard  system  (*). 

A  similar  reduction  of  4200  coordinate  pairs  of  some  650  points 
of  the  surface  of  Mars  measured  by  Mr.  Wright  on  73  carefully- 
positioned  drawings  made  by  the  author  in  1941  at  the  P6ridier 
Observatory,  Le  Houga,  France  is  now  in  progress. 

6.  Systematic  and  accidental  Errors  (’•  •) 

A  comparison  of  existing  lists  of  areographic  coordinates  dis¬ 
closes  quickly  that  systematic  errors  are  often  much  larger  than 
the  internal  (accidental)  probable  errors.  A  special  effort  has  been 
made  to  estimate  the  magnitude  of  these  systematic  errors  and  to 
devise  ways  of  eliminating  them  as  far  as  possible  prior  to  the 
setting  up  of  a  standard  system  of  areographic  coordinates.  This 
investigation  is  still  in  progress,  but  some  preliminary  results  may 
be  listed : 


6.  1.  Origin  {zero  point)  of  longitudes 

Most  observers  have  adopted  the  ephemeris  sjrstem  in  use  from 
1909  to  1959 ;  a  few,  however,  followed  the  faulty  tradition  of 
placing  the  center  of  Sinus  Meridiani  (or  Fastigium  Aryn)  at  O^.O ; 
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a  few  others  used  arbitrary  origins  (e.  g.,  placing  Titannm  Sinus  at 
1700.0)  (*).  Apparent  errors  of  up  to  about  3o  may  arise  from  this 
source  alone.  Provisional  mean  values  of  the  coordinates  of  the 
center  of  Sinus  Meridiani  (Visual  Master  list  No  1)  on  the  new  ephe- 
meris  83rstem  (see  below)  are  as  357o.l,  9^  »  —  20.6  ;  erron  are 
probably  well  under  0o.5  in  X  and  lo  in  9  (*). 

6.  2.  CoordintUea  0/  the  pole 

Most  visual  observers  have  adopted  the  ephmneris  coordinates 
*  =  317«.S,  3  =  +  540.5  (Eq.  1905.0)  derived  by  Lowell  (Jf.  N.  66, 
51,  1905) ;  a  few,  however,  have  used  slightly  different  poles, 
especially  the  photographic  observers  :  Trumpler,  3150.77,  + 
540.63  (Lick  0.  Butt.  13,  33,  1927)  and  Camiohel  :  3160.48,  + 
520.78  (*).  Apparent  errors  of  up  to  about  lo.5  in  the  latitudes  (and  lo 
in  the  longitudes  within  6O0  from  the  equator)  may  arise  from  this 
source  alone.  The  inherent  freedom  from  s3rstematio  errors  of 
Camiohel’s  method  and  its  good  agreement  with  the  mean  pole  of 
the  satellite  orbits  3160.60,  +  520.94  derived  by  Burton  {A.  J.,  39, 
163,  1629)  suggests  that  the  ephemeris  values  should  be  ofureoted  by 
about  —  10.0  and  —  I0.5  ;  the  errors  of  the  corrected  coordinates 
«« =  3160.55,  3e  =  -j-  520.85  are  probably  under  0®.!  (••i*).  A 
physical  ephemeris  of  Mars  for  the  oppositions  of  1877  to  1963  will 
be  computed  witii  these  revised  elements. 

5.  3.  Ettiptieity  of  the  globe 

Most  visual  observers  have  ignored  the  ellipticity  of  Mars,  i.  e. 
the  difference  between  areographio  and  areocentric  latitudes. 
Trumpler  has  made  allowance  for  an  apparent  elliptioity  of  about 
1/100  which  introduces  a  maximum  difference  ofOo.Sat  intermediate 
latitudes ;  if  the  true  elliptioity  has  the  dynamical  value  1/190 
the  difference  is  at  present  negligible  few  all  practical  purposes.  The 
unresolved  discrepancy  between  geometric  and  dynamical  ellip- 
tidtiee  makes  it  advisable  to  postpone  decision  (^). 
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area  projection.  Central  n)eri<Uan  0”. 


Fig.  7.  —  Map  of  Mars  based  on  observations  with  the  24-ineh  refractor  of  Lowell  Observatory.  Flagstaff.  Arizona, 
in  October  and  November  19.58.  Aitoff  epiiel  ai^s  projection  —  Central  meridian  180®. 


5.  4.  Rotation  period 


The  Ashbrook  oorreotion  of  +  0^0147  ±  (X0026  (m.  e.)  (')  to 
the  ephemetu  value  in  use  between  1009  and  1969  (F  s  24  h  37  m 
22.6642  s)  has  been  incorporated  in  the  ephemeris  since  1960,  thus 
introducing  a  discontinuity  of  lo.2  in  the  ephemeris  longitude  of  the 
central  meridian.  The  foUowing  correction  will  reduce  longitudes 
based  on  the  1909*1969  ephemeris  to  the  new  system  :  A  Xj  = 
—  00.0212  {t  —  1,),  where  (t  —  1,)  is  in  years  and  =  1909.04. 
To  it  must  be  added  a  correction  for  the  difference  A/  =  ET  —  UT 
between  Ephemeris  Time  and  Universal  Time,  AX,  =  —  0.00406 
(At  —  8.6),  where  Al  is  in  seccMids.  The  total  correction  varies 
almost  linearly  from  —  0^.02  to  —  lo.l6  between  the  oppositions  of 
1909  and  1968  («•  •). 


6.  6.  PA<we  effect 

Longitudes  measured  on  drawings  or  photographs  are  subject 
to  a  common  systematic  error  depending  on  the  phase  angle  in  longi* 
tnde  A  A  =  A^  —  A^,  due  to  the  as^mimetrioal  illumination  of  the 
disk  (invisibility  of  geometric  terminator,  irradiation  at  the  limb)  (*). 
Systematic  errors  in  excess  of  ±  2o  may  be  introduced  by  this 
effect  which  on  several  occasions  has  caused  observers  to  announce 
prematurely  and  miste^enly  errors  of  up  to  3**  in  the  ephemeris. 
To  a  first  approximation  the  error  (measured  in  degrees  of  longitude) 
is  independent  of  latitude  |9|  <  60o  (there  are  too  few  measurable 
points  in  the  politf  regions)  and  the  following  oorreotion  will 
reduce  the  measures  to  exact  opposition  : 

AX,  =  —  0.160  (A  A)  -f  0.11  X  10-*  (AA)* 

(A  A  <  0  before  opposition)  (^*  *).  Note  that  the  effect  exceeds  O^.S 
for  phases  angles  as  small  as  40.  By  analogy,  systematic  errors  of 
this  order  of  magnitude  may  be  present  also  in  areographio  latitudes 
when  Mars  is  not  in  the  plane  of  the  ecliptic.  The  yearly  residuals 
A  9  =  9,  —  9  of  the  latitudes  measured  on  photographs  by 
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Camiohel  ("),  A  9  =»  +  0®.2  +  1®.0  oos  (ij  —  316®),  if  kj  =»  hello- 
oentrio  longitude,  indicate  the  presence  of  an  effect  of  this  type, 
perhaps  mixed  with  small  systematio  errors  due  to  the  effect  of  the 
irradiation  of  the  polar  caps  on  the  apparent  position  of  the  center 
of  the  disk  (*). 

6.  6.  Timing  and  other  errors 

The  data  of  some  visual  observers  (especially  Fournier)  lead 
to  longitudes  systematically  in  error  by  up  to  +  3®  and  due  pro- 

AXo 

+  2* 

0 

-2* 

-4* 

-«• 

♦  2* 

0 

-2* 

-4* 

-«• 

1900  1920  1940  I960  I 

Fig.  8.  —  Mean  longitude  differenoes  from  provisional  mean  Fournier  systom 
(above)  and  mean  Camiohel  system  (below),  all  reduced  to  new  ephemeris 
system,  and  oorreoted  for  phase  effeote  (where  applicable). 
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bably  to  faulty  timing  (for  instance,  if  the  longitude  of  the  central 
meridian  is  computed  for  the  middle  of  each  observing  session  last¬ 
ing  perhaps  20  to  30  minutes  rather  than  for  the  middle  of  the  initial 
period  of  a  few  minutes  during  which  the  main  markings  are 
positioned  on  the  drawing).  These  errors  are  disclosed  a)  by  com¬ 
parison  with  other  observers  (visual  and  photographic),  and  more 
directly,  b)  by  comparison  with  longitudes  derived  from  transits  (*). 
On  the  other  hand,  there  is  good  agreement  between  longitudes 
from  transits  and  from  photographs,  thus  from  82  transits  by  14 
observers  A  Xo  (transits  minus  Camichel)  =  —  0?02  ;  however,  the 
time  interval  1909  —  1958  is  still  too  short  for  a  decisive  confir¬ 
mation  of  the  new  ephemeris  rotation  period  (22?669)  as  against 
the  old  value  (22?654)  (Figure  8). 

CAMICHEL 

—  60*  —SO*  0  +30*  +60* 


Fig.  9.  —  Example  of  systematio  longitude  differmoes  vs.  latitude. 

(*)  Surprisingly,  longitudes  derived  from  timing  of  transits  seem  to 
be  free  of  systematio  errors  depending  on  phase  tmgle  (Ashbrook  draws  the 
opposite  conclusion  in  Ref.  6). 
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The  comparisons  are  complicated  by  the  fact  that  in  many 
oases  the  systematic  longitude  differences  (as  well  as  the  latitude 
differences)  depend  on  latitude  (Fig.  9,  10).  Hence,  a  simple  sepa¬ 
ration  of  errors  between  the  two  coordinates  does  not  lead  to  a 
satisfactory  reduction  to  a  homogeneous  system.  An  application 
to  this  problem  of  new  methods  of  numerical  interpolation  and 
mapping  developed  by  B.  Gallet  and  W.  Jones  at  the  U.  S.  Bureau 
of  Standards,  Boulder,  Colorado,  is  now  under  consideration. 

-60*  -30*  0  +30*  *6(f 


6.  MXAStTBIMBNT  OF  COMFOSITB  PHOTOGRAPHS 

Through  the  kindness  of  Dr.  W.  S.  Finsen  some  80  enlMged 
oompoaite  positives  on  film  of  photographs  taken  by  him  in  1954 
and  1966  with  the  27  ^-incb  refractor  of  the  Union  (now  Bepublik) 
Observatory,  Johannesburg,  South  Africa  were  made  avaUable  to 
the  Mars  Map  Project  for  measurement ;  some  4,000  coordinate 
pairs  of  about  200  points  have  been  measured  on  these  composites 
by  Dr.  C.  S.  Yii  and  will  shortly  be  prepeued  for  further  reduction 
at  Harvard  Observatory. 

Dr.  B.  B.  Leighton  of  the  California  Institute  of  Technology 
generously  loaned  to  the  Project  slightly  erdarged  blaok-and- 
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white  color  separation  negative  copies  of  color  films  of  liars  taken 
by  him  in  1956  with  the  60-inoh  refieotor  of  Mount  Wilson  Obser¬ 
vatory.  Some  of  Dr.  Leighton’s  photographs  are  among  the  best  on 
record  and  they  show  a  large  amount  of  fine  detail.  Out  of  14,000 
images  about  7,000  were  selected  ae  suitable  for  compositing,  and 
from  these  740  composite  positive  transparencies  on  film  (image 
diameter  about  60  mm)  were  prepared  at  Harvard  Observatory  by 
Mrs.  L.  Hudson  who  then  measured  some  8,000  coordinate  pairs  of 
about  300  surface  points.  This  material  will  be  transferred  to  pun¬ 
ched  ottrds  in  the  near  future  for  analysis  and  reduction  ;  this  phase 
of  the  project  continues  at  Harvard  Observatory  under  the  imme¬ 
diate  direction  of  Dr.  A.  T.  Young. 
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The  entriee  are  as  follows  : 

Ist  line  :  Mean  value  of  point  definition  Qx ;  weighted  mean  X ;  sum  of 
weights  in  X. 

2nd  line  :  Mean  value  of  point  definition  Q, ;  weighted  mean  f ;  sum  of 
weights  in  <p. 

Successive  columns  give  ;  longitude  corrected  for  phase  effect  and  drawing 
error  in  X,  residual  of  Q;^,  residual  of  X,  weight  to  in  X  ;  latitude  correo- 
ted  for  drawing  error  in  9,  residual  of  Q,,  residual  of  9,  weight  to  in  9  ; 
drawing  number. 

Last  two  lines  give  :  standard  error  of  Q^,  standard  error  of  Q,  ;  standard 
error  of  X,  standard  error  of  9^  (both  for  unit  weight),  probable  error  of 
mean  X,  probable  error  of  mean  9. 

1.  Example  of  machine  output  for  point  1958-2001  =>  VML  20  = 
Juventae  Fons  (p.  66  of  Sc.  Rep.  No.  4). 
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86.  -  LA  NATURE  DE  LA  SURFACE  ET  DE  L’ATMOSPHfeRB 
DE  LA  PLANETE  MARS  D’AFRES  LES  DONNEES  PHOTO- 
METRIQUES  ET  COLORIHETRIQUES 

V.  V.  SHABONOV 

Obtenxitoin  d»  VUnivtniU  de  LMingrad,  V.RJ3J3. 

Pendant  plnaieun  ann6ea,  le  laborstoize  d’aatnmomie  pland- 
taire  de  rUnivenitA  de  Ldningrad,  a  6tadi6  la  repartition  de  bril- 
lanoe  et  de  ooulenr  aur  le  diaque  de  Mam,  en  employant  dea  metho- 
dea  viaueUea'Vt  photographiqnea  (^*>*>^*).  En  m6me  tempa,  on 
a  determine  Talbedo  et  la  ooulenr  dee  eohantillona  dee  roohee  ainai 
que  dea  zegiona  du  payaage  terreatre.  Lea  reaultata  obtenna  per- 
mettmt  de  tirer  quelquea  oonoluaiona  anr  la  nature  de  la  aurfiMM 
et  de  Tatmoaphere  de  Mam. 

Le  probieme  de  la  oouohe  Tiolette  a  une  grande  impcntanoe  ; 
il  oonaiate  4  expliquer  rinvisibilite  complete  dee  detaila  aur  lea 
oliohea,  obtoiua  dana  Tultraviolet  (la  valeur  de  I’albedo  ultraviolet 
etant  baaae,  4  peu  prea  0,1). 

On  peut  arriver  4  robtenirj4  Taide  d’un  dea  troia  modeiea 
auivanta  : 

l.  La  coloration  de  la  aurface  eat  telle  que  lea  diff6renoea  de 
brillance  de  aea  details  diminuent  au  fur  et  4  meaure  qn’on  a’dloigne 
vera  la  region  ultraviolette  du  apectre  ;  c’eat  pourquoi,  dana  I’ultra- 
violet,  il  anffit  d’une  oouohe  bien  mince  d’atmoaphere  diffnaante 
pour  rendre  lea  details  inviaiblea. 

n.  Lea  oontraatee  de  brillance  dana  I'nltraviolet  ne  aont  paa 
faiblea,  mais  I’albedo  general  eat  si  baa  (4  pen  prte  0,01)  que  la 
brillance  de  la  huniAre  difFuaee,  dans  une  mince  couohe  d’atmoa- 
ph4re,  soffit  4  rendre  ks  details  indisoemables. 

m.  L’albedo  et  les  diffitrenoes  de  brillanoe  dans  I’nltravkilet 
aont  normaux,  mais  ratmosph4re  est  opaqne,  Textinotian  ayaat 
pour  cause  Tabsorption  vraie  et  non  la  diffusion.  Pour  qu’un  tel 
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moddte  mH  00  oooord  sveo  lea  faita  obaerv4a,  il  eat  n^oeaaaire 
d'admettra  qo'au-deaaua  de  la  oouohe  abaorbante  ae  trouve  one 
oooohe  diffnaante,  dana  laquelle  ae  trouvent  lea  oalottea  polairea 
et  lea  ouagea  bleua,  et  dana  laquelle  la  difFiiaion  dea  rayona  aolairea 
iait  diaparattre  raaaombriaaement  an  b<»d  da  diaque,  dd  k  I’ab- 
aorptiion  dana  la  oouohe  baaae. 

Si  Ton  admet  que  pour  Tatoioaphtoe  et  le  aol  de  Man  il  eat 
permia  de  prendre  dea  valeun  tout  4  fait  arbitrairea  pour  ka  para* 
mdtrea  optiquea,  lea  tzoia  mod41ea  peuvent  a’aoootder  aveo  la 
diatributkoi  de  briUaooe  et  de  ooulenr  obaiwfe  aur  le  diaque  de 
Mara.  Maia  ai  Ton  part  do  prinoipe  que  lea  modhlea  lea  phia  vrai- 
aemblablea  aont  fond^  aur  la  oomparaiaon  de  la  nature  de  Mam 
et  oelle  de  la  Terre,  et  aelon  kaquela  il  y  a  analogie  ralathre  entre 
la  nature  de  oea  plan4tea,  on  aera  oblige  de  pidfSfrer  le  premier 
module. 

Pour  oea  raiaona,  noua  allona  anppoaer  que  la  oouleur  oraage 
du  diaque  de  Man  appartient  au  aol  m4me  de  la  phmMe  et  que  le 
voile  violet  a  pour  oanae  la  aimple  diffusion  dea  rayona  aolairea 
dana  Tatmoaph^re,  oette  diffusion  ae  fiusant  suivant  one  loi  aem* 
blable  4  oelle  de  Rayleigh.  Nous  admettons  de  mftme  que  I'ab- 
sorption  vraie  dans  Tatmoaph^re  eat  inaignifiante,  que  la  denaitd 
optique  de  la  oouohe  atmoaph^rique  n’eat  pas  grande,  et  qu'il 
n’existe  anoune  oouohe  violette  dlev^. 

Lea  travaux  de  N.  F.  Barabaohov  C),  de  I.  K.  Koval  (*),  de 
N.  N.  Sytinakaya  (*)  et  d'autree  d^ontrent  qu'un  tel  aoh^ma 
ootieapond  bien  auz  r^aultata  dea  meaures  photom^triques  faitea 
dans  diveraes  regions  do  q>eotre. 

D’autre  part,  il  eat  certain  que  I'atmocfph^re  de  Siam  pr^aente 
un  adroaol  dont  lea  partioulee  de  la  phase  diqperade,  m  naiaaant 
et  en  ae  d^truiaant,  donnent  lieu  aux  ohangementa  de  densitd  du 
voile  violet,  4  Tapparition  'dea  nuagea  bleua,  et  fpeot-4tre,  dea 
oalottea  polairea.  Il  eat  poaaible  que  oea  pariioulea  ae  trouvent 
oonoentr^  dans  lea  oouohea  bassea  de  ratmoiq>h4re.  A  oet  effet, 
on  pent  oiter  le  fait  suivant :  pendant  le  d^veloppement  dee  brumea 
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orangee  de  grande  ^tendue  mr  Mars  en  1956,  ka  niiages  bkas  et 
la  oalotte  polaire  sud  en  5taient  reoouvcnrts  (*).  On  peut'dieouter 
lliypothdee  aelon  laquelle  r^ohaoffement  de  la  etuiaoe  de  Man  par 
le  Soleil  conduit  4  I’^vaporation  de  I’eau  dont  une  quantity  se 
trouve  dans  le  sol  de  la  plan4te,  Sortant  du  sol  et  p5n5trant  dans 
les  basses  oouobes  de  Tatmosph^re,  (dont  la  temperature  sur 
Mars  est  beauooup  plus  basse  que  oelle  du  sol),  la  vapeur  se  condense 
et  forme  une  brume  rarefiee,  composee  de  oristaux  de  glace  trbi 
petHs ;  la  diffusion  selective  dans  un  tel  milieu  est  la  cause  de 
Tapparition  des  nuages  bleus  ou  violets  dans  Fatmosphere. 

II  s’ensuit  des  nombreuses  reoherohes  de  colorimetrie  des 
regions  olaires  4  la  surface  de  Man  que  leur  coloration  rouge* 
orange  est  tr^s  saturee  et  seul  un  tr^s  petit  nombre  de  mineraux 
et  de  roohes  terrestree  a  une  coloration  aussi  intense  ;  par  example* 
la  limonite  pulverisee  (o’est-4-dire  Focre  ferreuse),  le  sable  et 
Fargile  pigmentes  de  limonite  (*).  Les  donnees  sur  Falbedo  et  la 
couleur  sont  representees  dans  le  tableau  1  ;  Falbedo  est  pris  par 
rapport  4  la  region  visuelle  du  spectre,  et  la  couleur  en  fonotion 
du  «  color-excess  »,  c’oHt-4-dire  en  fonotion  de  la  difference  D  des 
indices  de  couleur  de  Fechantillon  et  des  rayons  solaires.  Le  systeme 
employe  pour  obtenir  les  valeun  de  D  est  le  meme  pour  les  echan- 
tillons  obtenus  au  laboratoire  et  pour  lee  details  de  Man.  Les  valeun 
moyennes  sont  obtenues  en  utilisant  un  grand  nombre  de  mesures 
de  ohaque  espeoe  de  roches  (dans  certains  oas  plus  de  100),  les 
echantillons  etant  pris,  autant  que  possible,  dans  differents  pays. 

On  peut  voir  que  Falbedo  de  Man  tessemble  4  oelui  de  diffe* 
rents  materiaux  terrestres,  tandis  que  les  valeun  dlevees  de  D 
de  la  surface  de  la  plandte  (depassant  1  pour  les  r^ions  olaires), 
ne  peuvent  Otre  semblables  qu’aux  produits  de  Feffloresoenoe 
pigmentds  par  la  limonite  dont  la  coloration  est  trds  satur6e.  H 
est^4  remarquer  que  les^r^ons  sombres  ont  aussi  une  couleur 
rouge4tre,  bien  que  moins  saturde,  s’approohant  du  brun  (D  =  0,9). 
Letir  couleur  verdfttre,  souvent  indiqu^  par  les  observations 
visueUes,  devrait  6tre  attribute  4  une  illusion  d’optique  provoqn6e 
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par  le  oontraate  de  oouleur  aveo  dea  regions  olaires  de  ooloration 
plus  inteoM. 

Lee  obeervatione  photomdtriquee  nous  montrent  que  la 
Inflexion  de  la  lumibre  par  le  sol  dee  r^ons  olaires  se  produit 
d’aprds  la  bi  de  Lambert.  L’explioation  la  plus  simpb  en  est  que 
la  nappe  ezt^rietire  de  la  surface  de  Mars  est  oomposde  de  poudre 
ou  de  poussidres  oolor^es  en  orange  par  la  limonite. 

II  est  &  noter  que  M.  A.  DoUfus,  ayant  &it  de  nombreuses 
meeuree  polarimdtriques,  est  arrive  4  des  oonolusions  analogues 
Cette  hypothbe  est  en  accord  aveo  les  observations  des  brouillards 
oranges  dont  nous  avons  vu  quelques  exemples  remarquables 
pendant  I’opposition  de  1966. 

II  est  natural  de  supposer  qu’une  nappe  oontinue  et  uniforme 
de  poussbres  dans  lee  r^ons  olaires  de  Mars  s’est  form^e  gr&oe 
aux  partiotilaritds  dee  processus  de  Teffloresoenoe  et  de  T^rosion, 
pour  lesquels  I’eau  joue  un  r61e  insignifiant,  oontrairement  a  oe 
qu’on  voit  sur  b  Terre.  Dans  des  conditions  pareilles,  il  ne  se  forme 
pas  d’hydrosilioates  et  pour  oette  m6me  raison,  I’argile  ne  pent 
6tre  r^pandue  sur  Mars.  Les  produits  de  destruction  des  roohes 
initiales  seraient  des  particules  fines  du  type  CaCOj,  MgC03,  FeCO,, 
quelques  silicates  anhydres,  et  les  partioubs  non  d^mpoe6es  dee 
min4raux  des  roohes  ign^es,  du  quartz  par  exemple,  du  feldspath, 
des  pyroxenes,  des  amphiboles,  de  Tolivine.  En  Tabsenoe  d'eau, 
la  cimentation  du  matdriel  clastique  n’a  pas  lieu  et  oelui-ci  reste  en 
dtat  de  poudre. 

II  est  4  noter  que  I’idde,  suivant  laquelle  b,  sol  de  Mars  est 
form6  non  par  b  sabb,  mau  par  des  particules  en  dtat  de  poussibe, 
des  carbonates  et  de  b  limonite,  se  trouverait  en  aooord  aveo  b 
rbultat  obtenu  par  Sinton  et  Strong  (*‘)',  qui  n’ont  pas  trouvd 
<lans  b  spectre  de  Mars  b  raie  d’absorption  typique  pour  b  quarts 
et  les  silicates  (8,9  p).  H  serait  trds  impcntant  d’dtudier  b  spectre 
infirarocge  pour  be  rayons  r^fldohu  par  b  limonite  et  les  roohes 
oolordes  par  elb. 

n  faut  encore  noter  que  si  b  pigment  principal  4  la  surface 
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de  Man  k  limonite  on  Thydrogoethite  (Fe,  Og  +  x^t  0,  n 
dtant  ^gal  4  1,5  —  5),  on  e«t  obUg5  d'admettre  k  presence  d’one 
quantity  queloonque  d’eau,  oar  dans  k  oas  oik  il  n’y  en  aurait  paa 
du  tout,  k  d^hydratation  de  la  limonite  et  aa  transformation  en 
goethite  (Feg  Og  +  Hg  0)  et  ensuite  en  hematite  (Feg  Og)  aurait 
lieu.  Fuisque  sur  Mars  k  temperature  moyenne  eat  partout  au- 
dessous  de  C,  Teau  y  sera  toujours  en  etat  de  glaoe,  qui  ne  pent 
fondre  que  dans  une  minoe  oouohe  snperieure  du  sol  et  seulement 
pour  un  temps  ties  court.  Mais  sans  doute,  oek  suffit  pour  que  k 
limonite  des  oouohes  superieures  du  sol  soit  un  mineral  stable. 

La  supposition  oonoemant  k  presence  de  quelque  quantite 
J'eau,  ae  trouve  en  accord  aveo  k  susdite  h3rpothe«e  selon  kquelle 
k  brume  vioktte  et  lee  nuages  bleus  sont  formes  dans  k  tone  de 
contact  entre  k  sol  et  Tatmospheie. 

Plusieurs  auteurs  ont  admis  que  dans  ks  regions  aombres 
de  Mars  U  doit  exister  un  mecanisme  de  regeneration  queloonque 
qui  kur  permet  de  garder  kur  coloration  sombre  malgre  k  sedi¬ 
mentation  de  k  pouaskre.  Lkxempk  de  k  nature  des  deserts 
terrestres  nous  montre  que  oek  n’est  pas  neoessaire,  puisque  sur 
k  surface  de  k  Terre,  il  existe  dee  regions  de  deflation  oil  les  pro- 
duHs  de  I’erosion  eolienne  sont  emportes  par  lee  vents,  ainsi  que 
dee  regions  de  sedimentation  et  d’aocumulation  de  tek  produits. 
Far  analogk,  on  pent  suppoaer  que  lee  r^ons  sombres  de  k  surface 
de  Mars  representent  des  zones  de  deflation,  tandis  que  les  regions 
okires  representent  des  zones  d’acoumuktion  de  poussieres.  Dans 
oe  oas,  k  oouleur  et  ks  autres  proprietes  optiques  des  regions  som¬ 
bres  seront  determinees  par  k  oouleur  des  roohes  initiaks,  oouvertee 
d’une  nappe  intearompue  de  fines  pouasieres ;  ks  roohes  peuvent 
etre  sedimontaires  on  ignees. 

Les  ohangements  saiaonnkrs  de  kur  oonkur  peuvent  dtre 
attribues  aux  ohangements  de  X'epaisseur  de  k  nappe  de  poussieres, 
•iniri  que  k  suppose  Kuiper  (**),  et  aossi  4  Tapparition  d'nne  vege¬ 
tation  primitive,  selon  I’opinion  de  k  plupart  d’auteurs. 
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Tablbao  1 


L’albaio  M  la  coalmit  dta  o^jtU  tar  la  Tma  tf  tm  Man. 


Eqtdoa  daa  matfirianx  ou  daa 
nappaa 

Albedo  r 

Ooulaar  D 

yalaun 

eKtrtaaea 

1  yalaur 

1  mosranaa 

1 

yalaun 

extrOcnea 

yalaur 

moyanna 

La  d4aart  argilaux 

0.15-0.44 

0.89 

0.84-0.50 

0.87 

Le  d4aert  piervauz 

0.10-0.85 

0.19 

0.88-0.30 

0.33 

Laa  aablM  daa  d4aarta 

0.14-0.38 

0.88 

0.80-1.88 

0.49 

Lea  aablea  daa  plagea 

0.11-0.30 

0.81 

0.08-0.50  j 

«.  80 

Laa  aablead’origmaadiffOrantaa 
Laa  roohaa  rougaa  da  ajrattoa 

0.11-0.40 

0.84 

0.00-1.14  ' 

0  54 

da  Farm 

Laa  produita  ferraux  da 

0.10-0.88 

0.17 

0.8941.80 

0.81 

refinoraaoanoe 

0.08-0.87  j 

1  0.10 

0.88-1.07 

i  0.88 

Laa  mineraia  da  for  palud^ 

0.08-0.35  ! 

'  0.15 

0.33-1.08 

0.73 

Linonita  opaque 

0.05-0.88 

0.11 

0.00-1.00 

0.44 

Limonita  pulvdriaOe  (oora) 

La  aabla  da  la  oouobe  da 

0.13-0.88  1 

0.18 

0.80-1.84 

1.01 

rortatain 

0.08-0.83  : 

0.10 

0.93-1.31 

1.07 

Tam  roaaa 

0.10-0.18 

j  0.13 

0.93-1.88 

1.07 

Man,  r^giona  oloina 

0.17-0.84 

0.18 

1.03-1.18 

1.09 

Man,  (dgiona  aombcaa 

0.08-0.14 

1  0.10 

0.88-0.99 

0.89 
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86.  -  LES  PROPRifiTfiS  OPTIQUES  DE  L'ATMOSPHfiRE 
ET  DE  LA  SURFACE  DE  MARS  DfiDUITES  DES  OBSER¬ 
VATIONS  PHOTOMfiTRIQUES  ET  SPECTROPHOTOMETRI- 
QUES  EFFECTUfiES  A  L’OBSERVATOIRE  ASTRONOMIQUE 

DE  KHARKOV 

N.  P.  BARABASHEV  et  W.  I.  EZERSKY. 

Obtervatoirt  Astronomique,  Kharkov,  U.  R,  S.  S, 


Risuiii 

L’analyae  des  rteultats  des  obserrationB  photom^triquea  de 
Mara,  effeotudea  4  Tobaervatoire  aatronomique  de  Kharkov  (1932- 
1968),  sur  la  base  de  la  thdorie  de  la  diffusion  de  la  lumidre  dans 
lee  atmoephdrea  des  plandtes,  montre  que  lee  petitea  valeurs  de 
la  densitd  optique  de  I’atmosphdre  et  de  I’albedo  de  la  aurfaoe  sont 
lee  plus  probables. 

Lee  rdsultats  des  observations  spectrophotomdtriquee  du 
disque  de  Mars  montreat  ausei  qu'il  n’est  pas  ndoeesaire  d’adopter 
des  grandee  valeurs  de  la  densitd  optique  de  I’atmoephdre  de  Mars 
en  lumidres  bleue  et  ultraviolette. 


87.  —  8UR  ^'APPLICATION  DE  LA  PHOTOMETBIE  DANS 

LES  RECHERCHE8  DE  LA  NATURE  DE  MARS 

N.  N.  SYTIN8KAYA 

Ob»ervato4r«  da  WnivafaiU  da  Leningrad,  U.R,8JS. 

Lm  obaerrations  de  Mars,  faitea  &  I'aide  dea  mdthodea  viauellaa, 
photographiquea  et  photoeleotriquea,  foumiaaent  la  diatribution  de 
la  brillanoe  aur  le  diaqae  de  la  planite  pour  diffirentea  r^ona  apeo- 
tralea.  Pour  I’interpr^tatiou  ultdrieure  dea  r6eultata  de  tellea  obaer* 
vationa,  il  eat  aM  d’ezprimer  la  brillanoe  aoua  la  forme  d’une 
quantity  appel4e  « I’albedo  apparent  A«  »  et  qui  repr^aente  le  rapport 
de  la  brillanoe  meaurte  B  en  un  point  d<Hin<  du  diaque,  k  la  brillanoe 
d’un  diffuaeur  parfait,  orientd  normalement  auz  rayona  du 
Soleil  et  ^loign6  de  oelui-d  d'une  diatanoe  4gale  an  rayon  veotenr  de 
Mata  au  moment  de  robaervation  : 

(1) 

On  peut  trouver  nn  pareil  albedo  k  I'aide  de  dijBfl6rentea  obaer- 
vationa,  en  faiaant,  par  example,  une  oomparaiaon  photom^rique 
enbe  la  brillanoe  du  diaqae  de  Mara  et  la  brillanoe  dea  imagea 
extrafooaiea  dea  ^ilea.  Maia  o’eat  la  oomiNuraiaon  de  la  brillanoe  dea 
partiea  de  la  8or£aoe  de  la  planMe  aveo  la  brillanoe  d’un  kenn 
diffnaant  (I’albedo  dnquel  eat  bien  ddtermind  an  laboratoire)  qui 
donne  lea  r6aultata  lea  plua  prdoia. 

On  inatalle  I’doran  k  one  diatanoe  telle  du  MJeaoope  qu’on 
puiaae  en  faite  la  photographie  ou  le  meaurer  aana  ohanger  la  dia¬ 
tanoe  fooale.  Pendant  lea  obaerrationa,  il  doit  reater  normal  aux 
rayona  du  Soleil.  Puiaque  dana  oette  poaition,  il  eat  dolaird  non  aeu- 
lement  par  lea  rayona  direota  du  SokU,  maia  anaai  par  la  lumitee 
diffdate  du  del  et  dea  objeta  terreatrea,  il  eat  i^oeaaaire  d’«i  meaurer 
la  brillanoe  deux  foia  :  d’abord,  pradant  TMairemant  total  (valenr 
B«j)  et  enauite  pendant  I’dolairement  diflfiiad  aeulement  (yaleur 
B«|).  La  difkrenoe  B«| — B«|  repr^aente  la  brillanoe  ddterminfe 
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aeutoment  par  I’^lairement  direct  du  Soleil.  Si  Ton  dMgne  lei 
rayons-veoteun  de  Man  et  de  la  Terre  par  Ajj  et  Aj,  les  faoteun  de 
la  traniparenoe  de  Tatmoephdre  terrestre  au  moment  de  Tobier- 
vation  de  Man  et  de  T^oran  par  P,(  et  P«,  et  les  masses  d’air  oorres- 
pondantes  par  Fj(  et  on  pent  4orire  Am  sous  la  forme  : 


Am  —  Ag  ; 


B 


A^PJ* 


(2) 


On  pent  trouver  des  deeoriptions  plus  ddtailltes  oonoranant  de 
telles  observations  dans  un  de  mes  onvrages  pr^oMents  (*). 
observations  de  oette  lorte  ont  6t6  effeotu^  k  I’obeervatoire  de 


Tachkent  en  1939,  1954  et  1956.  La  m5thode  de  I’^cran  diffusant 
a  6t6  aussi  employee  k  robservatoire  de  Kharkov  par  N.  P.  Bara- 
baohov  et  par  1.  K.  Koval  (*). 

II  est  4  remarquM  qu’en  se  servant  de  la  photom6trie  pho* 
tographique,  rirradiation  photographique  devient  une  source 
dangereuse  d’erreun.  Cette  irradiation  est  provoqu^  antant  par 
le  tiemblement  de  rimage,  par  suite  de  la  turbulence  de  Tatmos* 
phhre,  que  par  la  diffusion  de  la  lumihre  dans  rdmulsion  de  la  plaque 
photographique.  A  CNse  de  oee  effete,  la  lumi5re  va  au-del4  des 
vraies  Umites  de  Timage  du  disqiie,  oe  qui  pent  or6er  un  faux  assom* 
brissement  au  b<»d  du  disque  14  ou  il  n’y  en  a  pas  et  alt4rer  le  vrai 
aisombriisement  14  oh  il  y  en  a.  C’est  pourquoi,  en  reprenant 
plusieun  fois  de  pareilles  observations,  il  est  souhaitable  d’utiliier 
ult^rieurement  un  tel  proo6d6 ;  ainsi,  les  sources  d’erreun  sont 
r4dnites  au  minimum. 

La  brillanoe  d’nn  416ment  queloonque  du  disque  de  Man  oom- 
pcend  de  la  lumihre  r6fl4chie  par  la  surface  de  la  planhte  et  de  la 
Inmitee  diffiuhe  dans  Tatmoeplihre.  On  doit  s^parer  oee  deux  oom- 
posantes  Ion  de  rinterprMation  des  r4sultata  des  observations 
photom^triques ;  ne  disposant  que  de  dcmn^es  photom4triques,  il 
n’y  a  anoune  poesibiUtd  de  le  faire  aveo  exactitude.  C’est  ponrqnm, 
il  fant,  4  jnriori,  faire  qudques  hypothhses  arbitraires  sur  les  {wo- 
pri6t6i  de  la  surfiaoe  et  de  I’atmosphhn  de  Man.  A  cause  de  oela, 
les  conclusions  finales  seront,  en  quelque  sorte,  hypoth^tiqnes. 
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Du  point  de  vue  dee  oalouls  prstiques,  il  est  plus  commode  de 
ee  eervir  dee  donn^  pour  la  vraie  opposition,  quand  Tangle  de 
phase  est  ^al  k  z^ro,  et  Tangle  i  d’inoidenoe  des  rayons  solaires> 
pour  ohaque  point  du  disque,  est  4gal  k  Tangle  de  reflexion  c  dan* 
la  direction  de  Tobservateur.  Ck>mme  Ton  sait  (*),  dans  ce  cas' 
Talbedo  A«  pent  £tre  exprim^  par  la  formula  gdn^rale  suivante  : 

A,  =  f  cos* »  e— +  X  (1  —  {3> 

f  ^tant  Talbedo  vrai  de  la  surface,  q  —  un  param^tre  empirique  qui 
est  ddfini  par  la  loi  de  rddexion  de  la  surface  ;  x  —  Tdpaisseur  optjque 
de  Tatmosph^re ;  m,  n  et  x  —  quelques  param^tres  d^termii^ 
d’aprds  la  m^thode  de  calcul  de  la  lumihre  dijETuste. 

En  appliquant  cette  formule  k  T6tude  de  la  nature  de  Mars,  on 
suppose  connues  quelques  quantit^s,  tandis  que  les  autres  sont 
inconnues  ;  celles-ci  sont  obtenues  en  r^lvant  plusieurs  Equations 
do  type  (3).  Le  plus  souvent,  on  prend  pour  quantity  connues 
A«, »,  m,  n  et  X,  il  reste  alors  k  determiner  r,  q  et  t. 

Pour  avoir  les  quantites  m,  n  et  x  indispensables  au  calcul, 
en  se  servant  de  la  thdorie  de  la  diffusion  de  tel  ou  tel  genre,  il  est 
neoessaire  de  connaitre  encore  quelques  proprietes  optiquee  de 
Tatmosphere,  comme  par  example  le  diagramme  de  diffusion  et  le 
facteur  : 


r 


+  T,  T 


(4) 


ou  X4  et  Xm  sont  lee  compoeantes  de  Tdpaisseur  optique  x,  ddter- 
min^  par  la  diffusion  pure  et  Tabsorption  vraie.  Puisque  oes 
donndes  nous  sont  inconnues,  on  est  conduit  k  ke  choisir  comme  un 
dee  41dmente  do  module  de  Tatmoeph^re  adopts  pour  les  ctdculs  {*). 

La  thterie  de  la  diffusion  la  plus  simple  ne  tient  pas  compte  de 
la  diffusion  d’ordre  sup^rieur  et  de  T^change  de  lumidre  entre  la 
surface  et  Tatmosph^re  ;  m  =  n  —  2  oorrespcoid  k  ce  cas.  Si,  outre 
oela,  le  diagnunme  de  diffusion  est  sph^que,  alors  x  =  0,0796, 
mais  s’il  correspond  k  la  loi  de  Rayleigh,  x  =  0,188. 

Puisque  les  valeurs  de  la  brillanoe  00  de  Talbedo  6valo6es  k 
Taide  d’one  th6orie  si  primitive,  sont  toujoura  infiSrieures  aux 
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rMtablefl,  il  eat  utile  de  faire  usage  de  m^hodes  plus  pr^oisee. 

V.  G.  Fesaenkov  a  propose,  pour  oompenser  le  manque  de 
brillance,  de  prendre  dans  la  formula  (3)  m  =  1  et  non  pas  tn  =  2, 
n  restant  4gal  k  2  (*).  A  pr^nt,  plusieurs  savants  (Ambartzoum- 
jan  (*),  Chandrasekhar  C),  Sobolev  (*)  et  d’autres)  ont  61abor6  des 
thtories  exaotes  de  la  diffusion,  dans  lesquelles  ils  tiennent  compte 
de  r^clairement  de  la  surface  par  la  lumi^re  diffuse  de  Tatmosph^re, 
de  r^oloirement  de  Tatmosph^re  par  la  lumi^re  r^fl6chie  de  la  sur¬ 
face  et  de  la  diffusion  d’ordre  surnirieur  dans  Tatmosphire  m6me. 
Les  expressions  concemant  la  brillance  sont  trM  oompliqu4es. 
dependant,  dans  les  oalculs  pratiques,  on  peut  les  utiliser  en  se 
servant  de  la  formule  (3). 

U  faut,  pour  cela,  calcnler  pour  chaque  valeur  de  I’mgle  i  la 
valeur  de  la  compoeante  atmosj^Mque  de  la  brillance  ou  de 
Talbedo  (y  compris  la  brillance  de  la  surface,  d^finie  par  la  reflexion 
de  r^clairement  diffuse  de  Fatmosph^re)  pour  les  diff6rentee  valeuts 
de  la  density  optique  de  la  couche  atmosph^rique  t.  Si  Ton  ohoisit 
convenablement  lee  peuramHres  x  et  n,  on  peut  repr^senter  empiri- 
quement  par  le  deuxi^me  terme  de  la  formule  (3),  la  d6pendance 
entre  cette  compoeante  et  t,  pour  un  intervalle  particulier  de  valeurs 
de  T,  suppoe4  exister  sur  Mars  (par  example,  pour  0  <  t  <  0,5).  Ces 
param^tres  4tant  connus,  on  pent  prendre  cette  formule  pour  une 
^nation  et  trouver  les  valeurs  inconnuee  r,  9  et  t  4  la  base  d'une 
th^orie  plus  precise. 

II  est  Evident  que  pour  cels  il  faut  avoir  lee  valeurs  A«  pour  la 
s6rie  de  t.  On  peut  le  faire  en  observant  la  m5me  partie  de  la  surface 
de  Mars  4  diffi^rentes  distances  du  m^ridien  central.  Pourtant, 
cela  exige  de  longues  observations  pendant  toute  une  nuit,  ce  qui 
peut,  4  son  tour,  entri^ner  des  erreurs  ayant  un  carsct4re  83r8t4- 
matique  par  suite  d’un  caloul  non  complet  de  I’extinction  terrestre. 
Un  proc4d4  plus  simple  oonsiste  en  Tdtude  de  la  distribution  de  la 
brillance  le  long  du  rayon  du  disque,  aux  diffdrents  points  desquels 
correspondent  dee  valeurs  diversee  de  t.  Cependant,  en  ce  cas  on  est 
conduit  4  n4gliger  les  differences  locales  des  proprietes  de  I’atmos- 
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ph^  dt  de  1»  rdflexibilit^  en  divers  points  da  disque.  Dans  les  deux 
OM,  il  faat  partir  de  rhyxrathdse  suivante  :  il  n’y  a  pas  de  variation 
diume  dans  les  inropridtds  de  la  surface  et  de  Tatmosphtoe,  o’e8t-4' 
dire.que  lee  parambtres  de  (3)  ne  ohangent  pas  aveo  i. 

Dans  mes  travaux  sur  I’^tude  de  la  nature  de  Mars  par  les 
m^thodes  photomdtriques,  je  partais  toujoius  du  sohdma  d’une 
atmosphere  pnrement  diffusante  (F  =  1),  qui  me  parait  plus 
vraisemblable.  E.  I.  Opik  (*),  a  montre  que  I’hypothese  d’une 
atmosjdiere  absorbante  peat  dtre  aussi  en  accord  avec  les  resultats 
des  observations,  mais  al<»s  il  faut  admettre  ^  =  0,  ce  qui  me 
paratt  pen  probable.  Oar  k  la  valeur  9  »  0,  il  correspond  une  stmo- 
ture  fort  rugueuse  et  trts  tourmentde.  Dans  fes  conditions  de 
Fatmosphere  de  Mars,  ayant  des  tempdtes  de  poussiere,  une  pareille 
structure  de  la  surface  pent  tester  diffidlement  inchangee,  puisque 
ks  saillies  seront  ddtruites  par  I’drodon,  et  les  oavites  seront  rem> 
pUes  de  sable  ou  de  poussieres. 

Le  panunetre  F  etant  ^gal  4  1,  les  rrisultats  de  la  definition  de 
f  et  9  dependent  pen  de  la  methode  de  calcul  adoptee,  paroe  que, 
dans  ce  cas,  t  n’est  pas  grand  et  la  brillance  de  la  lumiere  diffosee 
dans  Fatmosphere  est  faible  par  rapport  4  la  brillance  de  la  surface 
rndme.  CSependant,  les  valeurs  de  t,  d’aprds  des  methodes  de  odioul 
diverses,  sont  tods  differentes.  Par  example,  si  on  neglige  toutes  les 
formes  de  la  difiFusion  secondaire  (m  =  »  =  2),  t  se  trouvera  tnq) 
eievee,  puisque  dans  oe  cas  les  composantes  de  la  brillance,  dues  4 
la  diffusion  secondaire,  seront  attribuees  4  la  diffusion  atmospbe- 
rique  du  premier  ordre,  oe  qui  donne  one  masse  de  gaz  phis  eievee 
qu’en  reaUte.  Je  cite,  4  titre  d’exemple,  ks  resultats  d’obser- 
vations  (les  donnees  initiaks  sont  presentees  dans  k  tableau  1), 
obtenus  en  utilisant  d’abord  la  tbemie  la  plus  simpk  et  ensuite  une 
theork,  tenant  oompte  de  la*  diffusion  d’mrdie  8tq>erieiir  et  de 
Fechange  de  lumibre  entie  Fatmoq[di4fe  et  la  surface.  Dans  ks 
deux  cas,  on  |xetid  F  «  1,  k  diagramme  de  diffusion  selon  la  loi  de 
Rayld(^. 

Oomme  on  k  v(dt,  la  difMrmoe  entre  ks  vakuis  de  t  est  plus  que 
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double.  Dans  les  deux  m^thodes  de  oaloul,  ia  variation  de  t  aveo  X 
eet  moins  rapide  que  dans  la  loi  de  Rayleigh  en  X~*.  Cela  s’explique 
facilement  pur  le  fait  que  Tatmosph^re  de  Mars  oontient  une  quan¬ 
tity  de  grandee  particules  de  poussi^re  en  suspension,  qui  donnent 
une  diffusion  neutre.  La  variation  de  t  avec  X  est  bien  reprdsentye 
par  la  fomiule  de  King  : 

T  =  D  -f  ^  (6) 

Le  premier  terme  exprime  la  diffusion  neutre  sur  les  grandes 
particules  ;  le  second  exprime  la  diffusion  moMculaire  dans  le  gaz 
pur.  En  admettant  que  la  pression  atmosphyrique  est  proportion- 
nelle  au  panunytre  C,  on  pent  pitf  oomparaison  aveo  la  valeur  de  C 
pour  Tatmosphyre  terrestre  obtenir  la  pression  atmosphyrique  Pj 
(en  mm),  4  la  surface  de  Mars,  mesurye  au  baromytre  4  meroure,  et 
la  pression  P,  =  0,38  Pj  mesurye  au  baromytre  anyroide. 

Le  fait  que  le  obangement  de  t  aveo  la  longueur  de  I’onde  ne 
suit  pas  la  loi  de  Rayleigh,  montre  que  le  diagramme  de  diffusion 
ne  doit  pas  ytre  symytrique.  C’est  pourquoi  lee  rysultats  lee  plus 
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oorreots  seront  oeux  qui  s’obtiennent  4  I’aide  du  diagnunme  de 
diffusion  de  forme  allong^,  oorrespondant,  par  ezempto,  4  oe  qu’on 
obtient  en  moyenne  pour  toute  la  oouohe  de  Tatmosph^re  terrestre, 
d’apris  les  observations  de  la  distribution  de  la  brillanoe  sur  le  oiel 
sans  nuages. 

En  faisant  le  oaloul  d’apr4s  une  m^thode  precise  et  admet- 
tant,  oomme  auparavant,  P  =  1,  nous  obtenons  les  r^ultats  du 
Tableau  3. 

Les  valours  de  sont  diff^rentos,  seloa  que  les  r^ons  sont 
sombres  ou  olaires ;  mais  leur  application  conduit  4  des  valours 
^ales  de  t.  G'est  une  bonne  raison  pour  dire  que  les  valours  obtenues 
de  T  sont  rfeUes. 
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88.  -  SPECTEOPHOTOMfiTRIE  CONTINUE 
(entre  6100  et  8200  A)  D’UNE  REGION  CLAIRE  DE  MARS 
A  L'OPPOSITION,  ET  NATURE  DE  LA  COUCHE  VIOLETTE 

PiBBBE  OTJERIN 

Inttitut  d'Aatrophyoique  de  Parit,  Pranea 

Fin  d^oembre  1060,  au  oours  de  quatre  nuits  d’observatiou, 
nous  avons  obtenu,  sur  deux  plaquea  ind^pendantes,  de  nombreux 
•peotree  4  petite  dupenion  (longneur  totale  :  13  mm)  du  oentra 
du  diaque  de  Mars  (ii^on  olaire  d’Ara&ta)  et  d’une  dtoile  (i)  Cas  A) 
de  type  spectral  (GOV)  voiain  de  oelui  du  Soleil  (G1,5V),  au  moyen 
du  petit  speotrograpbe  4  oh488i8  oaoillant  de  D.  Chalonge,  fixd  au 
foyer  Caaaegrain  du  r4fleoteur  de  81  om  de  rObaervatoire  de  Haute- 
Prorenoe.  Par  oomparaiaon  apeotrophotom^trique  de  oee  apeotres, 
longueur  d’onde  par  longueur  d’onde  (plua  de  40  pointde  dans 
I’intervalle  3167  —  6113  A),  nous  avons  oheroh^4  obtenir,  dona  le 
dHaU,  la  oourbe  de  pouvoir  r6fleoteur  de  la  idgion  martienne  via4e. 

La  m4thode  d’obaervation  et  la  technique  de  ddpouillement 
utilise  ont  d6j4  d6critea  antdrieurement,  ainsi  que  lea  premiers 
rdauhata  obtenua  (*)  (*).  Inaiatona  ioi  aur  la  prdciaion  de  oea  mesures, 
qui  tient  4  phisieurs  cauaee  ;  a)  &ible  longueur  dea  apectrea,  kaquels 
sont  en  outre  oontigus  aur  lee  plaques,  oe  qui  diminue  grandement 
lea  erreurs  locales  photographiques  ;  b)  dgalitd  approximative  dee 
noiroiaaementa  4  comparer ;  c)  fort  dlargiaaement  dea  spectres, 
obtenu  par  roaoillation  du  chassis  porte-plaque  (*),  qui  ne  produit 
aucune  atrie  et  permet  renregiatrement  au  microphotombtre  aveo 
une  fente  fine  et  haute,  d’oii  diminution  de  la  granularitd  ;  d)  pla¬ 
ques  ddveloppdea  4  fond,  pour  idduire  TefFet  Eberhard ;  e)  ddter- 
mination,  pour  chaque  plaque,  des  oourbes  de  noirciaaement 
oorrespondant  4  37  longueurs  d’onde  diffdrentee ;  f)  observations 
de  Man  et  de  i]  Cas  A  4  dee  distances  zdnithales  voisines  ;  g)  cor- 

(*)  L’^largiasement  obtenu  eat  environ  deux  foia  phia  grand  dans  le 
rouge  que  dona  I’ultra-violet,  oe  qui  a  pour  effet  de  renforoer  la  noiroiaaement 
photogmphique  aux  oourtee  longueurs  d’onde. 
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reotion  diffrirentielle  de  Tabsorption  atmoBphdrique  par  diffusion 
Baykigh  et  par  Toxone. 

Auasi  bien  nos  diverses  oompaiaisons  speotrophotom^triques 
de  Mars  k  t]  Cas  A  oonduisent-elles  k  des  r^sultats  similaires,  tant 
dans  Talliue  gto^rale  que  dans  le  detail.  Nous  pr^sentons  id 
(fig.  1)  deux  de  oes  oomparaisons.  Bappelons  que  les  oourbes  ob- 
tenuee  ont  6ti6  ^blies  de  la  fa^n  suivante*: 


Fro.  I.  Dmx  oowpiroltp—  d*  11m*  A-  i)  C**  A. 

1*’.  —  Daiu  VijtiervaUe  «peetral  6113  —  4020  A  (1/X  oompris 
entre  1.63  et  2.49),  nous  avons  oompaid  les  intensitdi  en  de  nom- 
bietiz  points  des  fonds  oontinus  apparents.  (Lee  fimds  oontinus 
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rfels  des  dtoUes  G  sont  inaocessibles  aveo  ]a  faible  dispersion  utilise, 
en  raison  du  tr^  grand  nombre  de  raies  fines,  noydes  dans  le  grain 
de  la  plaque).  Nous  avons  ddfini  les  fonds  oontinus  apparents 
selon  la  mdme  mdthode  qu’utilise  Chalonge  pour  determiner  les 
gradients  relatife  stellaires,  dans  le  visible  et  le  bleu,  au  moyen  du 
meme  speotrographe.  Pour  rapporter  les  intensitds  monoohro- 
matiques  de  Mars  4  oelles  du  Soleil,  o’est-4-dire  pour  passer  de  la 
oourbe  de  la  fig.  1  4  la  courbe  de  pouvoir  rdfleoteur  de  Mars,  dans 
I’intervalle  spectral  considerd,  il  nous  a  done  suffi  de  oorriger  la 
premidre  oourbe  en  tenant  compte  de  la  valeur,  determinde  par 
Chalonge,  du  gradient  relatif  dans  le  visible  (*)  de  y]  Cas  A  par 
rapport  4  une  dtoile  de  type  solaire.  Ce  gradient  est  a  peu  prka  bien 
oonnu,  mais  sa  valeur  est  faible,  de  sorte  que  la  correction  apportde 
est  de  toute  fa^on  petite. 

—  Dana  Vintervalle  spectral  compris  entre  lea  raiea  H  et  K 
et  I'uUra-violet  extreme  (bandes  de  Tozone),  il  n’est  plus  possible, 
en  revanche,  de  ddfinir  un  fond  continu  apparent  :  les  bandes  et 
les  raies  visibles  (ou  plutdt  les  groupements  de  raies,  compte  tenu 
de  la  faible  dispersion  du  speotrographe)  sont  tellement  nom- 
breuses  et  intenses,  que  noiis  avons  dfi  comparer  entre  elles  les 
intensitds  dans  22  «  fendtres  »  arbitrairement  choisies  entre  oes 
bandes  ou  oes  raies.  Nous  avons  ainsi  mis  en  dvidenoe  les  ondula- 
tions  de  la  partie  infdrie\ire  de  la  oourbe  dessinde  fig.  1.  Ces  ondula- 
tions  se  retrouvent  sur  toutes  nos  oomparaisons  de  Mars  4  n;  Cas  A, 
et  ne  sont  done  pas  dues  4  un  effet  photographique.  La  question 
est  de  savoir  si  ce  sont  de  vdritables  bandes,  produites  par  I’atmos- 
phere  martienne,  ou  au  contraire  si  ces  ondulations  traduisent 
seulement  la  Idgdre  difirdrenoe  entre  les  types  speotraux  de  t)  Cas  A 
et  du  Soleil.  En  effet,  bien  qu’4  premidre  vue,  les  intensitds  des 
raies  ultraviolettes  apparaissent  identiques  sur  nos  spectres  de 
Mars  et  de  Y)  Cas  A,  il  est  certain  qu’un  examen  attentif  de  forts 

(*)  Chslcmge  distingue  detuc  gradients  dans  la  rdgion  spectrale  consi- 
ddrde  :  le  gradient  «  rouge  »  et  le  gradient  «  bleu  ».  Le  premier  n’est  different 
du  second  que  si  Ton  compare  des  dtoiles  O,  B,  A,  4  des  dtoiles  F  et  O. 
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agraadiaseiuents  photographiques  de  oes  speotreg  montre  que 
oertaines  bandes  ou  raies  sont  l^^ment  renforo^  dans  le  spectre 
de  Mars  (o’est-4-dire  dans  le  spectre  solaiie),  oomme  il  fallait  s*y 
attendre.  Gela  conduit  4  penser  que  le  passage  du  t}rpe  GOV  au 
type  G1,5V  pourrait  4galement  se  traduire  par  le  renforcementt 
en  oertaines  r^ions  du  spectre  ultra-violet  plus  qu’en  d’autres, 
de  tr^  nombreuses  raies  fines  non  rte>lues,  lesquelles  contribue- 
raient  4  I’intensitd  dans  les  pseudo-fen4tres  ohoisies  et  seraient 
4  Torigine  des  ondulations  observdee. 
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Fig.  2.  —  Gompsreiecms  nitre-violettee  de  la  Lune  et  de  Man  4  i)  Caa  A 
(trait  plein)  et  au  Soleil  (pointill^). 

Chacune  dee  courbee  en  trait  plein  eat  la  moyome  de  4  comparoisons 

(8  apeotrea). 


Pour  trancher  la  question,  nous  avons  compart  speotrophoto- 
m^riquement,  dans  I’uJtra-violet,  le  rayonnement  d’une  region  non 
luminesoente  de  la  Lune  4  oelui  de  t]  Cas  A,  au  moyen  du  mdme 
spectrographe.  Les  spectres  furent  obtenus  en  1962,  et  la  r^ion 
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lunaire  tu^  fiit  le  centre  du  cirque  Copemic  (*),  vers  la  pleine 
lune.  La  comparsison  de  oes  spectres  a  fait  apparaitre  exaetement 
les  mdmes  ondulations  iiltra-violettes  (fig.  2A)  que  la  comparaisoii 
de  Mars  4 1)  Cas  A,  rappelde  pour  mdmoire  sur  la  %.  2B.  Ce  r^sultat 
proure  que  les  ondulations  observe  ne  sont  paa  dues  4 1’atmosphdre 
de  Mara,  et  infirme  done  les  conclusions  provisoires  de  nos  premitees 
publications  ;  il  apporte  en  outre  une  preuve  direote  de  la  fiddlitd 
et  de  la  sensibilitd  de  nos  compaxaisons  spectrophotomdtriques. 

D4s  lorn,  il  est  possible  d’obtenir  la  courbe  de  rdfleotivitd 
ultra-violette  de  la  r^ion  martienne  visde  en  operant  de  la  iafon 
suivante.  Les  gradients  relatifs  «  ultra-violets  »  (au-del4  de  la 
limite  de  Bahner)  des  dtoiles  des  classes  F  et  G  sont  dtablis  par 
Chalonge  au  moyen  de  mesures  portant  sur  deux  longueurs  d’onde 
seulement  (points  A  et  B),  qui  semblent  correspondre  4  do  vdritables 
fendtros  :  pour  passer  du  type  GOV  au  t3q)e  G1,5V  (Sol^),  11 
suffit  d’op^rer  le  rel4vement  BB’.  Du  o0t6  des  longueurs  d’onde 
plus  grandes  que  oelle  de  la  limite  de  Balmer,  il  faut  au  oontraire 
abaisser  la  nourbe  (le  point  C  venant  en  C’),  pour  tenir  compte 
de  la  difference  des  gradients  «  bleus  »  (dej4  mentionnde  plus  haut). 
Le  point  A  joue  ici  le  rdle  de  ohami4re,  la  difference  de  disoon- 
tinoites  de  Balmer  etant  negligeable.  Puisque  Ton  ne  doit  pas*^ 
s’attendre  4  observer  des  bandes  d’absorption  ou  des  bandes  de 
luminescence  dans  le  spectre  propre  de  la  region  lunaire  etudiee, 
la  ligne  4  peine  inourvee  joignant  de  fa9on  monotone  les  trois 
points  C’,  A  et  B’  traduit  la  comparaison  spectrophotometrique  de 
oette  region  lunaire  au  Soleil  (o’e8t-4-dire  la  courbe  de  pouvoir 
reflecteur  de  Copemic).  Les  differences  d’ordonnees  entre  oette 
courbe  et  la  courbe  onduiee  CAB  foumiront  les  corrections  4  appor- 
ter  4  la  courbe  onduiee  relative  4  Mars  (fig.  2B)  pour  obtenir  la 
ooivbe  de  pouvoir  refieoteur  ultra-violet  de  la  plandte. 

La  courbe  complete  obtenue  finalement  est  representde  fig.  3. 
Le  zero  des  ordonnees  de  oette  courbe  ne  peut  evidenunent  pas 

(*)  Region  lunaire  non  luminesoente,  d’lqnes  les  r^sultats  de  Dubois  et  de 
Vigroux. 
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Mre  d^dnik  de  noe  meciUM,  nuis  il  esk  poMdble  de  le  fixar  apirks 
oonp  en  tenant  oompte  des  meaurea  abaohiea  pnbUdea  par  d’antrea 
auteurs.  Nooa  aTona  utiliad  oellea  de  DolUua,  portant  anr  8  longneura 
d’onde  dana  le  viaible,  et  relatirea  k  un  certain  nombre  de  taohea 
olairea  de  Mara  k  Toppoaition  (fig.  4). 


Fig.  3.  —  Coorbe  de  r4fleetivit4  da  centre  du  dieque  de  Mon  (^roMa)  4 
Toppoeitioa  (dohelle  logarithmique). 

Quellea  oonduaiona  pouvona-noua  tirer  maintenant  de  la 
oourbe  obtenue? 

Sn  lumikrt  viribk,  DoUfus  a  mesurd,  au  Pio  du  Midi,  la  pola¬ 
risation  des  taohes  de  Mars  peu  de  temps  aprds  nos  obaeryations 
i^otrophotomdtriques,  et  d’aprds  oea  mesures,  il  aemble  que 
I’atmosphdre  martienne  aoit  reside  relativement  transparente  k 


407 


Fig.  4.  —  Gourbe  de  r4fleotivit4  du  centre  du  dieque  de  Mare  (AmWa)  k 
ropposition  (dohelle  lindain),  et  oomparaieoa  aveo  lee  meeurea  de  Dollfiw 

dans  la  viaible. 

oette  dpoque.  Nos  mesuxee  de  rdfleotivit4  d’un  ddseit  olair  de  Man 
dans  le  visibie  trsduisent  done  la  idfleotiTitd  du  sol  lai*mtaie.  H 
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lerait  int^waant  de  oompuer  U  ooorbe  obtenue  4  odlea  qne  I’on 
pouirait  4t*blir  ea  Atodiaat  diven  ^ohantiUoiui  de  limonite  pal> 
vdrisfe.  Ls  ipeotrojdiotom^trie  continue  e«t  la  aeule,  en  eflfot,  4 
pouvoir  mettra  en  Evidence  de  l^gtoee  ondulatione  oomme  oeUee 
vuibiee  sur  ka  fig.  3  et  4,  entre  4600  A  et  5200  A.  Par  aiUeuia, 
on  remarquera  que  le  sommet  de  noire  oourbe  a’inourve  vera  lliori- 
Bontale  dana  le  rouge,  alora  que  lea  meanrea  de  Dollfiia,  tout  oomme 
oellea  de  Vauoouleurs  (*),  qui  atteignent  le  rouge  extreme,  ne 
montrent  paa  trace  d’une  telle  incurvation.  8i  oelle-oi  eat  rdelle, 
oe  n’eat  done  qu’un  accident  trte  looalM  de  la  oourbe  de  rdfleotiviM ; 
il  ae  peut  d’ailleurs  que  I’inourvation  en  queation  aoit  illuaoire  et 
r^aulte  d’une  petite  erreur  sysidmatique  dans  le  repdrage  des 
longueurs  d’onde  ou  dana  la  meaure  dea  noirciaaementa  en  une 
r^on  du  spectre  o4  la  dispersion  eat  tr^  petite  et  ob  la  sensibility 
de  la  plaque  s’annule.  brusquement. 

Dans  VvUra-violet,  I’absence  totale  de  bandes  d’absorption 
diffuses  ou  de  bandes  de  luminescence  d’origine  martienne  permet 
de  rejeter  les  diverses  tentatives  d’explication  de  la  oouche  violette 
bashes  sur  I’existence  de  telles  bandes.  Au  moment  de  nos  obser¬ 
vations,  la  oottohe  violette,  photographiye  sur  dmulsion  ortho- 
ohromatique  aveo  filtre  violet  Wratten  34  au  foyer  ooudy  du 
ryfleoteur  de  193  cm  de  I’Observatoire  de  Haute-Provenoe,  ne 
montrait,  au  centre  du  disque  de  liars,  ni  «  clearing  »  spectaoulaire, 
ni  formations  nuageuses  claires  importantes.  On  peut  en  d^duire 
que  nos  meaures  de  pouvoir  ryfleoteur  de  Mars  dans  I’ultra-violet 
traduiaent  la  ryfleotivity  de  la  oouche  violette  «  normale  ».  L'inour- 
vation  progressive  et  rygulibre  de  la  oouche  vers  rhorisontale,  aux 
oourtes  longueurs  d’onde  (*)  tymoigne  en  favour  de  la  diffusion 
par  de  petites  partioulea,  gouttelettes  ou  cristaux  (*),  oonfeurmy- 
ment  aux  thyories  clasaiques  (*). 

De  nouvelles  meaures  de  ryfleotivity,  portant  sur  lee  taches 
clairee  et  les  taohes  sombres  de  Mars,  en  partioulier  au  moment  d’un 

(*)  La  oourbe  de  r4flectivity  de  la  Lune,  dans  le  niAnie  domaiiie  qMotral 
(fig.  2A),  ne  cease  au  oontoaire  de  d4oroltre  aveo  la  longueur  d’onde. 
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gtmi  «  itif  ring  •  (I'^oQe  de  oomparaiaon  ohduie  dtant  de  type 
•olaire,  poor  la  fiMnlitd  dn  d^xraiUeiiMiit),  aeraieiit  oependant 
ndoeMairee  poor  tnadier  la  queetion  de  aavoir  si  lee  t  clearings  » 
ocHudstsot  effeotivement  en  nn  dolairoissement  de  la  oouohe  violette, 
laissant  Toir  les  taohes  sombree  du  sol,  on  si,  au  oontraire,  lee 
appsrenoes  obseirdes  sent  dues  4  de  simplee  renfcwoements  du  pou- 
Toir  diffusant  de  oette  oouohe  au-deesus  dee  ddserte  oUun,  lids 
prinoipalemwt,  mais  non  impdrativement,  4  la  nature  du  sol  sous* 
jaoent.  II  est  bien  oonnu,  en  effet,  qiie  de  nombreusee  grisaillee 
observdes  en  hunidre  bleue  ou  violette  an  moment  des  «  clearings  > 
ne  oorrespondmtit  4  auoune  taohe  sombre  du  sol  (*) ;  d’autre  part, 
le  oontraste  nature!,  dans  le  visible,  des  taohes  sombres  de  Man 
par  rapport  aux  taohes  olaires  (ddtermiud  par  Dollius  lorsqne  les 
mesures  polarimdtriques  indiquent  une  gntnde  transpaienoe  de 
Tatmosididie  martienne  jusque  dans  le  bleu)  ddcnrft  rapidement 
ven  lea  oourtes  los^iuenn  d’onde  :  oe  oontraste  natnrel,  trda  faible 
dans  le  bleu.  Test  sans  doute  enoore  phu  dans  le  violet,  ee  qni 
peat  Csire  douter  qne  lee  taohes  sombres  dn  sol  soient  olairement 
disoemables  dans  oette  ooulenr  4  la  &veur  de  prdtenduce  grandee 
dclairoies  de  la  oouohe  violette. 

(*)  Otte  nmsrque  •  M  toanaUe  m  partiralMr  par  Kuiper  (*). 
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39.  —  THE  ATMOSPHERE  OF  MARS 

D.  H.  MEKZEL 
Hemxtrd  CctUge  Ohmrvatory 
Oamhridg»  SB,  Matt.,  V.8.A. 

The  available  data  oonoerning  Mara  are  far  too  few  to  pennit 
the  development  of  a  definitive  model  of  the  atmoaphere  of  that 
planet.  We  urgently  need  new  obaervations.  Until  now  these 
models  are  likely  to  diaplay  wide  variance.  There  ate,  however,  a 
few  general  oonoluaiona  that  one  can  draw  conoeming  the  lower 
atmosphere  of  Mara,  especially  the  layers  responsible  for  haze  and 
olouds. 

I  shall  not  oonoem  myself  about  the  ohemioal  oompositicm  of 
the  Martian  atmosphere.  I  suppose  that  it  consists  mainly  of  nitro¬ 
gen,  with  a  few  per  cent  of  carbon  dioxide  and  argon.  I  »ball  not 
object  to  adding  a  small  amount  of  molecular  oxygen. 

1  am  concerned,  however,  with  water  vap(W  content  since  that 
substance  is  capable  of  condensing  out  to  form  liquid  or  crystal 
fogs.  The  quantity  of  water  in  an  atmosphere  is  often  expressed  as 
the  number  of  centimeters  of  precipitable  water.  And  the  somewhat 
vague  standard  of  reference  is  the  amount  of  water  vapor  above 
Mount  Wilson  on  an  average  clear  winter  day.  We  shall  not  be  far 
wrong  if  we  adopt  1  centimeter  of  precipitable  water  as  the  reference 
standard. 

We  may  reasonably  suppose  that  about  ten  times  as  much 
water  exists  on  Mars  in  the  solid  state  as  exists  in  the  form  of 
atmospheric  vapor.  We  may  further  assume  that  the  polar  caps 
occupy  about  one-tenth  of  the  surface  of  Mars.  Then,  if  the  atmos¬ 
phere  of  Man  were  to  contain  the  standard  reference  figure  of  one 
centimeter  of  precipitable  water,  the  depth  of  accumulated  ice  or, 
rather,  hoar  frost  over  the  poles, would  be  about  100  times  greater, 
or  one  meter. 

Actually  this  figure  must  be  much  too  large.  Dunham  estimated 
it  as  about  1000  times  smaller.  Hence,  if  this  were  so,  the  depth  of 
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the  layer  of  polar  frost  would  be  only  a  millimeter.  I  think  that 
Dunham’s  figure,  arrived  at  without  consideration  of  the  curve 
growth,  is  perhaps  ten  times  too  low.  I  conclude  that  the  thickness 
of  the  layer  of  polar  frost  is  not  more  than  a  few  centimeters. 

Adopting  0.1  millimeter  as  the  amount  of  precipitable  water 
in  the  atmosphere  and  assuming  that  it  is  distributed  through  one 
scale  height  of  about  20  km,  we  calculate  a  vapor  pressure  of 
6  d3me8.  This  figure  is  the  equilibrium  vapor  pressure  over  ice  at  a 
temperature  of  lOO^K.  The  air,  of  course,  may  not  be  saturated, 
so  that  higher  temperatures  are  permissible.  But,  if  we  are  to  form 
an  ice  fog  in  an  atmosphere  of  such  a  low  vapor  pressure,  the 
temperature  of  the  siurounding  air  must  be  less  than  lOO^K.  The 
vapor  pressure  is  very  sensitive  to  small  changes  in  temperature. 
Lowering  the  temperature  by  only  12  degrees  will  reduce  the  vapor 
pressure  by  a  factor  of  10.  At  the  theoretical  adiabatic  gradient  for 
the  atmosphere  of  Mars,  a  difierence  of  12  degrees  will  take  place 
in  only  4  kilometers.  A  layer  of  ice  fog  will  thus  be  extremely  thin 
and  it  will  occur  in  that  region  of  the  atmosphere  where  the  tempe¬ 
rature  ranges  between  about  180®K  to  190®K. 

The  height  of  that  layer  will  vary  with  latitude,  season,  and 
time  of  day.  The  rarefied  atmosphere  of  Mars  would  stimulate 
radiation  cooling  during  the  night,  with  possible  formation  of  a 
temperature  inversion.  One  may  therefore  expect  under  certain 
conditions  a  double  ice  layer,  one  near  the  ground  and  another  at 
higher  elevation.  Indeed,  the  white  markings  often  seen  on  the 
eastern  terminator  may  well  be  a  layer  of  frost  on  the  surface  of  the 
planet,  a  thin  deposit  that  quickly  sublimes  as  the  day  advances. 

It  is  tempting  to  suppose  that  the  thin  layer  of  (uystal  fog  is 
responsible  for  the  appearance  of  the  blue  image  of  Mars.  A  thin 
layer  is  necessary  to  account  for  the  sharp  edges  of  the  blue  images. 
And  Rayleigh  scattering  does  the  rest.  Particles  some  2  x  10~*  in 
diameter  are  indicated.  A  column  of  2  x  10*  particles  per  cm*  will 
give  adequate  optical  depth  in  the  violet  and  yet  be  transparent  in 
the  visible.  This  amount  of  material  is  extremely  small,  slightly  less 
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than  10-*  grams  per  om*.  This  is  much  less  than  the  10-*  grams 
per  om*  of  preoipitable  water  previously  postulated.  The  disorepanoy 
disappears  if  we  set  the  cloud  layer  forming  at  about  160<*K,  with 
a  partially  saturated  atmosphere  underneath.  And  we  cannot  com¬ 
pletely  dismiss  the  possibility  that  the  fog  may  consist  of  frozen 
carbon  dioxide. 

Now  return  to  other  questions  related  to  the  atmosphere.  The 
redness  of  Mars,  its  low  albedo,  and  the  visibility  of  surface  markings 
in  the  red  and  yellow  indicate  that  the  total  amount  of  atmosphere 
is  small.  DoUfus  sets  the  value  of  0.22  in  terms  of  the  equivalent 
scattering  power  of  the  earth’s  atmosphere.  And  since  at  least 
half  of  this  scattering  must  be  a^  l.:huted  to  haze,  the  total  atmos¬ 
phere  of  Mars  must  be  less  than  '>ne  :«nth  that  of  the  earth. 

Although  some  scientists  have  ascribed  the  red  color  of  Mars 
to  its  atmosphere,  l  see  no  justification  for  this  hypothesis.  Mars  is 
red  because  its  surface  is  red.  The  red  images  show  marked  darken¬ 
ing  to  the  limb.  For  this  effect  I  see  no  explanation  but  absorption 
by  a  low  and  fairly  thick  layer  of  dust.  The  dust  particles  must  be 
larger  than  1  micron  to  minimize  the  Rayleigh  scattering.  Accord¬ 
ing  to  Stokes’  formula,  particles  of  this  size  near  the  surface  of 
Mars  would  acquire  a  speed  of  sedimentation  of  3  x  10~*  centi¬ 
meters  per  second.  A  layer  three  kilometers  thick,  therefore,  would 
take  about  10’  seconds  or  about  four  months  to  settle  out.  This 
slow  rate  of  fall  for  the  absorbing  red  layer  is  thus  consistent  with 
the  permanence  of  the  polar  caps  and  the  failure  of  the  dust  to 
cover  it. 

We  have  concluded,  then,  that  the  atmosphere  of  Mars 
contains  two  layers  of  particulate  matter,  a  thick  layer  of  large 
dust  particles  near  the  surface  and  a  very  thin  layer  of  fine  particles 
above,  perhaps  well  above,  the  layer  of  dust.  We  have  implied 
that  this  upper  layer  consists  of  fine  ice  crystals.  Certainly  this 
suggestion  is  consistent  with  the  association  between  the  thin  atmos¬ 
pheric  clouds  and  the  underlying  polar  caps.  The  clouds,  for  exam¬ 
ple,  persist  for  some  time  after  the  solid  cap  has  sublimed.  But  the 
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ioe  crystal  hypothesis  is  not  without  difficulty.  Ice  crystals  would 
seem  to  have  a  very  high  reflecting  power  and  should,  therefore, 
lead  to  a  higher  violet  albedo  than  that  determined  for  Mars. 
I  should  prefer  dark  absorbing  clouds,  rather  than  ioe  crystals. 
Smoke  would  be  about  right,  like  the  blue  smoke  from  the  lighted 
end  of  a  cigarette,  rather  than  the  white  smoke  from  the  unlit 
end.  Perhaps  the  blue  clouds  consist  of  very  fine  dust  and  their 
association  with  the  polar  regions  may  be  attributed  to  some  effect 
of  atmospheric  circulation  that  causes  the  particles  to  concentrate 
in  these  areas. 

None  of  these  hypotheses  accounts  satisfactorily  for  the  pheno* 
menon  known  as  <  blue  clearing  >,  the  improved  visibilify  of  surface 
features  in  blue  light  near  the  time  of  opposition.  I  have  long  felt 
that  this  « clearing »  may  arise  from  improved  contrast  at  the 
planet’s  surface,  near  opposition,  when  rays  of  sunlight  falling 
upon  a  roughened  surface  can  escape  from  the  interstices  through 
which  they  entered. 

I  have  noticed  a  similar  effect  from  airplanes  fl3dng  over  desert 
areas  in  the  south  western  U.  S.  The  effect  is  especially  pronounced 
near  sunset.  The  shadow  of  the  plane  on  the  ground  is  surrounded 
by  a  bright  halo  2  or  3  degrees  in  diameter.  Within  this  halo, 
the  details  of  the  surface  markings  are  much  more  clearly  seen  than 
outside  of  the  halo. 

This  work  is  related  to  and  has  received  partial  support  from 
National  Aeronautics  and  Space  Administration  Grant  Ns6  89-60 
with  Har  •  «»a  d  University. 
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40.  —  UPPER  ATMOSPHERE  OP  MARS  (•) 


JocxFB  W.  CHAMBERLAIN  ((*) **) 

Ytffhu  Ohmvaiory  and  DepartiHMt  o/  Chophyaieal  8eitne$$ 
Vniveriit'if  of  Ohieago,  V.  8.  A. 

Abstract 

Most  of  our  knowledge  of  the  earth’s  upper  atmosphere  is 
obtained  from  experimonts  in  aitu  or  remote  observations  that 
offer  fairly  direct  interpretations.  For  the  other  planets  neither 
approach  is  as  yet  possible,  so  indirect,  theoretical  procedures  are 
required  to  construct  models  of  their  atmospheres.  Herein  the 
wide  variety  of  basic  physical  processes  governing  the  structure  of 
a  planetary  high  atmosphere  are  set  forth,  with  a  view  toward 
obtaining  <  deductive  models  »  —  i.  e.,  models  derived  theoretically 
when  only  the  chemical  composition  and  temperature  of  the  lower 
atmosphere  and  the  incident  solar  flux  are  specified  (in  addition  to 
various  physical  and  astronomical  constants). 

The  procedures  are  applied  to  Mars,  whose  lower  and  middle 
atmosphere  is  already  partially  understood  from  earlier  work, 
notably  that  of  R.  Goody.  The  uncertainties  involved  at  various 
stages  in  the  construction  of  such  a  model  are  emphasised,  as  are 
the  major  differences  in  physical  processes  and  atmoq>herio 
characteristics  between  Mars  and  the  Earth. 

The  most  significant  result  is  that  the  CO  that  must  be  in  the 
upper  atmosphere  of  Mars  should  serve  as  an  effective  thermostat, 
keeping  the  temperature  at  the  escape  level  (1500  km)  from 
exceeding  about  llOO^K.  This  is  cool  enough  for  Mars  to  retain 
atomic  oxygen.  Were  it  not  for  00  cooling.  Mars’  uppw  atmosphere 
would  be  so  extensive  and  form  such  an  efleotiTe  thermal  insulation 
between  the  uppw  ionosphere  and  the  heat  sink  at  the  mesopause 

(*)  G(nii|dete  pi^Mr  published  in  the  Attropkyaieai  Jomnal,  V<A.  134, 
582,  1969. 

(**)  Allied  P.  Sloan  Reseaieh  Fellow,  1961-63. 
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that  the  temperature  would  exceed  2000<*  K.  The  lifetime  for  ihe 
escape  of  oxygen  is  estimated  as  10*  years. 

The  mesopause  is  determined  by  COj  radiation.  Near  the 
mesopause  CO,  should  become  dissociated  and  the  free  0  atoms 
form  a  thin  layer  of  O, ;  this  effect  has  no  analogy  on  earth.  The 
model  ionosphere  has  considerably  smaller  densities  of  ionization 
than  comparable  regions  in  the  earth’s  atmosphere.  The  E  region 
is  split  into  two  distinct  portions,  with  X-rays  forming  the  higher 
one  (E,)  and  ultraviolet  light  ionizing  O,  near  the  mesopause  (E,). 
The  Martian  analogue  to  the  terrestrial  F,  region  may  not  develop 
a  very  high  electron  density,  and  the  entire  ionosphere  should  be 
depleted  at  night. 
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41.  —  BORD  ATMOSPHfiRIQUE  DE  MARS 


F.  LINK 

InstUut  Attronomiqt4e  de  I'Aeadimie  deg  Sciences, 

Prague -Ondfejov,  TcMcoslovaquie 

Cette  note  eesaie  de  r^pondre  en  quelque  sorte  &  la  suggestion 
formulae  par  de  Vaucouleurs  (*). 

«  A  re-evaluation  of  the  theoretical  effect  of  the  atmospheric 
layer  projected  beyond  the  limb  should  be  made  for  both  molecular 
scattering  and  plausible  assumption  on  the  vertical  distribution  of 
turbidity  in  the  atmosphere  of  Mars.  » 

qui,  en  m4me  temps,  r^ume  ce  que  nous  nous  proposons  de  d^ve- 
lopper  dans  la  suite. 

Dans  un  milieu  diffusant  sans  absorption  vraie.^n^gligeons  la 
diffusion  secondaire  et  tout  autre  ^lairement  sauf  celui  dA  au 
Soleil.  La  luminance  d’un  volume  ^l^mentaire  du  milieu  db'est  li4e 
4  la  profondenr  optique  dr  dans  la  direction  de  propagation  de  la 
lumiire  solaire  par  (*)J 

db  =  KE  dr  (1) 

oh  E  est  r^clairement  solaire  de  I’^l^ment  et  K  une  constante'qui 
prend  les  valeurs 
tl 

K  =  —  (2)  pour  la  diffusion  orthotrope, 

3 

K  =  —  (3)  pour  la  diffusion  mol^cidaire  et_  pour  I’obser- 

Stc 

vateur  en  P  regardant  dans  la  direction  des 
rayons  solaires. 

La  luminance  db  vue  du  point  P  sera  alors 

db  =  KE,  exp  ( —  2ti)  dr  (4) 

oh  Tl  est  la  profondeur  optique  depuis  I’entr^  Mi  du  milieu,  E, 
r^clairement  solaire  en  Mi.  La  luminance  totale  dans  la  direction 
PM,  sera  alors 

XE 

6  =  — •[l-exp(-2T)]  (6) 

oh  T  est  la  profondew  optique  totale  suivant  le  rayon. 
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La  demi^re  relation  permet  de  oaiouler  la  luminance  du  bold 
de  Tatmoeph^re  de  Mars  lorsque  la  planftte  est  en  opposition  si 
nous  oonnaisaons  lea  valeurs  de  la  profondeur  optique  en  function 
de  I'altitude  ininimale  Ao  des  rayons. 

Dans  la  suite,  nous  allons  considdrer  d’ab<nd  I’atmosphAre 
pure  et  ensuite  quelques  modules  simples  des  couches  de  poussibres. 
Pour  I’atmosphAre,  nous  adopterons  les  paramAtres  suivants  : 
a  =  3400  km  :  le  rayon  de  la  plan^te, 
g  =  383  cm /sec*  :  I’intensit^  de  la  pesanteur, 

Pt  =  86  mb  (d’an4roide)  :  la  pression  au  sol, 

T  as  2200  K  :  la  temperature  de  ratmosphAie  isotherme, 
m  =  28  :  le  poids  moieculaire  de  I’air  (N,). 

On  obtiendra  alors  dans  ratmospbAre  isotherme  : 

la  hauteur  r^duite  de  ratmosphAie 
ou  la  masse  d’air  au  zenith  en  km 
d’air  de  la  densite  normale. 

rechelle  de  hauteur,  k  —  8,3.10’. 

la  densite  de  Fair  au  sol  ezprimee 
en  densite  normale  de  I’air. 
la  densite  en  function  de  I’altitude 
A  ezprimee  en  km 
la  masse  d’air  traversee  par  les 
rayons  horizontauz  passant  A  I’al- 
titude  A,. 

la  profondeur  optique  suivant  ces 
rayons  oh  A  est  le  coefficient  d’ab- 
sorption  apparente  calcuie  A  partir 
de  la  difiFbsion  moieoulaire  de  la 
lumiAre. 

Dans  la  suite  nous  adopterons  les  modAles  suivants  poor  I’atmo- 
sphAre  de  Mars  : 


M,  =  =  1,77  km  (6) 


AT 

H  =  —  =  17  km  (7) 
mg 

273  p, 

p,  «  —  =  0,104  (8) 

T  1013 


:  p  =  —  1,02  —  0,0266  A  (9) 


M  =  p'vZ&wH  (10) 


t  =  AM  (11) 


418 


Type  Description  Structure 

I  atmosphere  pure  formule  (9) 

II  atm.  pure  +  couche  homog.  Aj  =  0  km,  A,  =  30  kni 

III  atm.  pure  -f  couche  homog.  hi  =  27  km,  hf  =  30  km 

IV  atm.  pure  +  couche  homog.  Aj  =  0  km.  A,  =  100  km 

V  atmosphere  pollute  proportionellement  A  p. 

La  profondeur  optique  dans  les  cas  II  et  IV  sera  donnee  par 
la  formule 


et  dans  le  cas  Ill 


(12) 


„  /  o  Va,  — A,  — VAi  — Ao 

^  +  Va.-Va,  “ 


(13) 


oh  lo  Mt  la  profondeur  optique  au  zenith. 

Dans  le  cas  V,  nous  supposerons  I’atmoephere  de  Mars  remplie 
de  poussieres  en  chute  libre  dans  le  milieu  resistant  atmospherique. 
Comme  le  diametre  des  poussieres  est  probablement  inferieur  A 
1  (X  (d’apres  la  seiectivite  de  Tabsorption),  leur  distribution  en  alti¬ 
tude  sera  de  la  mAme  forme  que  celle  de  la  densite  de  I’air,  sauf 
dans  les  couches  immediatement  voisines  du  sol. 


La  valeur  du  facteur  K  depend  du  genre  de  la  diffusion  ce  qui 
pourrait  influencer  dans  une  certaine  mesure  I’integration  de  (4), 
mais  un  tel  raffinement  est  provisoirement  superflu  etant  donne 
le  degre  d’approximation  de  nos  modeies  atmospheriques.  Dans  la 
formule  (5),  nous  mettrons  done  simplement  (2)  ou  (3). 

Nous  avons  effectue  les  calculs  de  t  dans  lee  trois  regions 
spectrales  suivantes  : 


A 

^0 

A'  (cas  V) 

km"* 

km“* 

UV  3600  A 

0,0350 

0,076 

0,0776 

VIS  5400  A 

0,00576 

0,040 

0,0282 

IR  7000  A 

0,00206 

0,016 

0,0106 

410 


Lea  y&leun  d-deaaus  aont  d^oadiquea. 

Lea  figurea  1-5  donnent  lea  oourbes  log  [1  —  exp  ( —  2t)]=s/(A,) 
oaloul^  pour  lea  oaa  LV  et  lea  troia  regions  apeotralea  oi-deaaua. 
On  peut  lea  diviser  en  deux  oat^oriea.  Dauia  la  premiere  oat^gorie 
noua  mettrona  lea  oourbea  monotonea  (I  et  V),  tandia  que  dana  la 
aeoonde  oat4gorie  aeront  olaaa^  lea  oourbea  4  deaoente  bruaque 
qui  marquent  le  niveau  aup^rieur  dea  oouohea  II,  III  et  IV. 


Fig.  1.  —  Luminance  du  bord  atmoapberique  en  fonction  de  I’altitude* 
Atmoapb^  pure  (oaa  I)  -  3600  A,  6400  A,  — -  7000  A. 


Sur  lea  oourbea  monotonea,  le  bord  optique  aera  d^fini  par  lea 
propri4t4a  du  r^pteur  qui,  directement  ou  indireotement  (aur  le 
olioh4),  aera  en  fin  de  oompte  roeil  humain.  En  rertu  de  la  th^orie 
du  oontraate  (*),  I’oeil  plaoe  la  Umite  eetim^  au  point  d’infiexion 
de  la  oourbe  log  6  ^  /(A).  Gela  veut  dire,  par  ex.,  pour  le  olioh^ 
photographique,  qu’il  faut  tranaformer  la  oourbe  log  b  ■=  f{h),  A 
I’aide  de  la  oourbe  de  gradation,  en  une  oourbe  de  denait^  D  =  F(A«) 
dont  le  point  d’inflexion  fixe  le  bord  eatim^  de  la  planAte. 

Ainai,  dana  TatmoaphAre  pure  (1}  ou  pollute  (V)  le  bord  eatimA 
ae  trouve  phia  haut  dans  TUV  que  dans  I’lR  (fig.  0C  en  baa).  Sa 
position,  fixte  par  le  point  d’inflexion  de  la  oourbe  D  et  I’extenaion 
optique  du  disque,  eat  un  effet  mixte  d’cnigine  atmosphteique  et 
inatmmentale.  L’extenaion  eat  d’autie  part  plus  grande  dana  I’atmo- 
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sphere  poUu^  qtie  dans  I’atmosph^  pure,  maifl  nous  ne  aommes 
pas  d’aocord  aveo  Feasenkov  {*)  qui  a  trouv^  que  I’atmosph^  pure 
ne  auffit  paa  pour  donner  en  UV  une  extenaion  obaervaUe. 

Dana  Tatmoaphire  &  oouohe  de  pouaai^rea  limit^e,  le  bord 
optique  eat  donn^  par  la  limite  aup^rieure  de  la  oouohe.  Toutefoia 
BUT  quelquea  oourbea  (11  et  111)  en  UV,  oette  limite  eat  peu  marquee 
(fig.  2  et  3)  de  fa^on  que  le  bord  optique  en  UV  aoit  le  mdme  que 


Fig.  2.  —  Luminanoe  du  bord  atoooqpbMqoe  «o  foootion  de  I’altitude. 
Couche  minoe  4  I’altitude  de  30  km  (oae  11)  dana  Tatmoapbire  pure. 


Fig.  3.  —  Luminanoe  atmoapbMque  en  fbnotioa  da  I’altitade.  Conobe  <paiaae 
b  I’altitade  de  80  km  (oaa  III)  dana  ratmoafditee  pura. 
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dans  i’atmosph^re  pure  (I),  o’est-^-dire  vers  70  km,  tandis  que 
dans  I’lR  il  se  trouverait  4  la  limite  sup^rieure  de  la  oouche  vers 
30  km. 


Fig.  4.  —  Luminance  atmosphdrique  en  fonction  de  I’altitude.  Coucbe  ^paisse 
4  I’altitude  de  100  km  (cas  IV)  dans  Tatmoaph^re  pure. 


Fig.  5.  —  Luminance  atmonph^rique  en  fonction  de  I’altitude.  Atmosphere 
pollute  proportionellement  4  la  dmsit4  (oas  V). 


En  oe  qui  oonoeme  les  observations  visuelles  oil  I’mil  inter- 
vient  directement,  le  ph4nom4ne  devriut  Otre  neutre  dans  les  oas 
I  et  V,  oar  la  partie  rectiligne  de  la  oourbe  oaraot^ristique  de  I’aeil 
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e«t  tote  ^tendue.  Lefl  mesures  de  Dcdlfus  (v.  plus  loin)  sont  de  oette 
nature. 


Sig.  6.  —  Reprteentation  pbotographique  (oaa  fiotif)  de  U  luminance  ph. 
A...  quelquea  oourbea  repriaee  dee  fig.  1,  4,  8.  B...  oourbee  de  gradation  dee 
ploquee  pbotognqdiiquee.  C...  dimeit^e  D  de  I’iniage  pbotognqphique  en 

fcmotion  de  I’oltitude. 

Nous  pouvons  done  oonclure  que  ri  ks  mesures  de  repartition 
de  la  luminance  sur  le  disque  semblent  prouver  I’existenoe  de  I’atmo- 
sphdre  pollute  de  Mars,  leiargisaement  du  bord  optique  ne  demands 
pas  nteessairement  que  oette  pollution  soit  looaliste  dans  lee  couches 
dleTtes.  Dans  tous  oes  probkmee,  il  ne  faut  pas  perdre  de  Tue  que 
la  valeur  angulaire  de  I’^larginement  optique  est  de  I’cHNire  de  1/4* 
—  done  asses  difficilement  observable  de  la  Torre.  Les  omiditions 
seront  nettement  amdliortee  quuid  nous  pourrons  observer,  4 
I’instar  des  «  oosmonautes  »  terrestree,  I’atmosphtee  de  Mars  au 
oours  d’un  vol  droumplandtaire. 
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42.  —  THEORETICAL  ESTIMATES  OF  THE  AVERAGE 
SURFACE  AND  ATMOSPHERIC  TEMPERATURES  ON  MARS 


Okobob  OHRING 
Qtophytie*  Corporation  of  America 
Bedford,  Mate.,  U.  8.  A. 

I.  Avxbage  Subfack  Tbmpbbatubb 
A.  Introduction 

Of  extreme  interest  to  meteorologists  and  astrophysioists  who 
are  involFed  in  planetuy  atmospheres  research  is  the  average 
snrfaoe  temperature  of  the  planets.  Planetary  surface  temperature 
can  be  derived  from  both  experimental  observation  and  theoretical 
reasoning.  The  observational  determinations,  which  work  well  in 
the  case  of  a  rather  tenuous  atmosphere  such  as  Mars’,  are  baaed 
upon  measurements  of  the  planet’s  emission  of  infrared  radiation  ; 
the  theoretical  determinations  are  based  largely  upon  some  sort  of 
radiative  equilibrium  considerations.  In  the  present  study  we  derive 
estimates,  based  upon  radiative  equilibrium  considerations,  of  the 
minimum  and  maximum  possible  value  of  the  average  temperature 
of  the  Martian  surface.  These  estimates  are  then  compared  to  some 
of  the  thermal  emission  observations. 


B.  Theory 


The  average  surface  temperature  of  a  planet  which  has  an 
atmosphere  that  is  transparent  to  long  wave  radiation  can  be 
computed  by  equating  the  energy  received  from  the  sun  to  the 
energy  emitted  by  the  planet’s  surface.  The  following  formula  for 
the  temperature  of  such  a  planet  can  be  easUy  derived  : 


T*  = 


(S.C.)  (l-A)tx 

■'  ■■  I 

4a 


(1) 


where  T  is  temperature. 
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a.  e.  is  the  solar  constant  at  the  earth’s  distanoe  from  the  sun, 
A  is  the  planetary  albedo, 
a  is  the  Stefan-Boltzmann  constant, 

(i,  is  a  dilution  factor  equal  to  rf/r^, 
where  is  the  mean  distanoe  from  the  earth  to  the  sun,  and  fp  is 
the  mean  distanoe  from  the  planet  to  the  sun. 

If  one  now  introduces  into  such  a  planetary  atmosphere  gases 
that  absorb  long  wave  radiation,  a  «  green-house  »  effect  is  created 
and  the  average  surface  temperature  will  increase  above  that  given 
by  Equation  (1).  Thus  for  an  atmosphere  that  is  not  completely 
transparent  to  long  wave  radiation  Equation  (1)  can  be  used  to 
derive  an  estimate  of  the  lowest  possible  value  of  the  average 
planetary  surface  temperature.  For  the  planet  Mars  the  following 
numerical  values  can  be  substituted  in  Equation  (1)  ; 

A  =  0.15 
[1  =  0.44 

a.  c.  —  2.0  cal  cm'*  min'* 

<r  =  8.13  X  10'"  cal  cm'*  deg'*  min'* 

With  these  substitutions  the  lowest  possible  value  for  the  average 
planetary  surface  temperature  for  Mars  turns  out  to  be  219®  K. 

The  problem  of  estimating  the  maximum  possible  value  of  the 
average  Martian  surface  temperature  is  more  complex.  We  wish 
to  maximize  the  greenhouse  effect,  within  reason,  in  order  to  obtain 
a  realistic  estimate  of  the  maximum  surface  temperature.  The 
green-house  effect  depends  cssentiaUy  upon  the  amount  and  vertical 
distribution  of  absorbing  gases,  and  on  the  vertical  distribution  of 
temperature.  The  greater  the  amount  of  absorbing  gases  —  the 
more  opaque  the  atmosphere  is  —  the  greater  will  be  the  green¬ 
house  effect,  and  thus  the  higher  will  be  the  surface  temperature. 
In  our  model  (discussed  later)  we  attempt  to  make  realistic  estim¬ 
ates  of  the  maximum  amounts  of  carbon  dioxide,  water  vapor  and 
ozone  in  the  Martian  atmosphere,  and  their  distribution  with  height. 
Once  the  maximum  amount  of  absorbing  gas  is  fixed  we  have 
only  to  chose  a  realistic  temperature  distribution  with  height, 
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which  would  maximize  the  surface  temperature.  For  simplicity, 
and  for  lack  of  knowledge,  we  shall  assume  that  the  temperature 
variation  with  height  is  linear.  This  is  probably  a  gor  d  approxim¬ 
ation  in  the  troposphere  of  Mars,  as  it  is  for  the  troposphere  of  the 
earth,  and  it  is  the  troposphere  rather  than  the  upper  atmosphere 
that  contributes  most  to  the  radiation  fluxes.  The  question  we  must 
now  answer  is,  «  What  choice  of  constant  lapse  rate  will  produce 
a  maximum  green-house  effect  and  thus  a  maximum  surface  tem¬ 
perature?  »  We  can  answer  this  question  by  going  through  the 
following  qualitative  reasoning. 

The  upward  flux  of  long  wave  radiation  at  the  top  of  the 
Martian  atmosphere  must  balance  the  incoming  solar  radiation 
that  is  not  reflected  back  to  space.  This  can  be  written  as 

I,(1-A)  =  W  (2) 

where  I,  is  the  average  incoming  flux  of  radiation  at  the  top  of 
i.he  Martian  atmosphere, 

A  is  the  planetary  albedo,  and 

W  is  the  upward  flux  of  long  wave  radiation  at  the  top  of 
the  atmosphere. 

The  upward  flux  W  is  composed  of  radiation  coming  directly 
from  the  planet’s  surface  and  of  radiation  emanating  from  the 
planet’s  atmosphere.  If  the  atmosphere  is  isothermal,  the  radiation 
originating  in  the  atmosphere  will  be  at  the  same  temperature  as 
the  radiation  originating  from  the  surface  Thus,  the  upward  flux 
will  remain  constant  with  height  and  have  a  value  equal  to  the 
black  body  flux  emitted  by  the  surface.  The  surface  temperature 
of  an  isothermal  atmosphere  would  then  be  the  same  as  that 
computed  from  Equation  (1),  i.  e.  219®  K.  If  the  temperature 
decreases  with  height,  however,  the  radiation  emitted  by  the 
atmosphere  would  be  at  a  lower  temperature  than  that  emitted 
by  the  ground.  In  order  that  W  now  balance  the  incoming  radiation, 
the  surface  temperature  must  be  higher  than  219®  K.  The  greater 
the  lapse  rate  the  greater  is  the  surface  temperature  in  order  for 
balance  to  occur  at  the  top  of  the  atmosphere.  In  a  planetary 


427 


•tmoapbere  the  limiting  lapse  rate  is  the  adiabatic  lapse  rate  and 
we  choose  this  as  the  lapse  rate  that  will  maximize  the  green-house 
effect  and  hence  the  surface  temperature. 

With  a  given  distribution  of  absorbers  and  temperature  lapse 
rate,  the  outgoing  radiation,  W,  is  a  function  only  of  the  surface 
temperature,  and  can  be  written  as  (Elsasser,  1960 ;  Hales  et  al, 
1960) 


W  =  oTJ  — 


dT  (3) 


where 


“  =  / 

W*i 


''dB, 


(1  —  T/)dv 


and  T«  is  surface  temperature, 

T(  is  the  temperature  at  the  top  of  the  atmosphere, 

B  is  the  black  body  flux, 

T/  is  the  flux  transmissivity,  and 
V  is  frequency. 

R  is  a  function  of  path  length,  u,  and  temperature,  T,  of  the 
particular  gas  in  question.  Tables  of  R  for  carbon  dioxide,  water 
vapor  and  ozone  have  been  presented  by  Elsasser  (1960)  and 
expanded  by  Hales,  et  al,  (1960).  R  for  carbon  dioxide  covers  the 
15  (x'^band,  R  for  H|0  covers  the  6.3  (x  band,  the  window  region, 
and  the  rotational  band,  and  R  for  ozone  covers  the  9.6  {x  band. 
The  integrals  in  Equation  (3)  can  be  evaluated  numerically,  given 
the  temperature  and  absorber  distribution  in  the  atmosphere.  It 
should  be  noted  that  both  water  vapor  and  carbon  dioxide  absorb 
radiation  in  the  16  |x  band.  However,  since  we  are  attempting  to 
maximize  the  green-house  effect  we  shall  treat  these  absorptions 
independently  and  make  no  correction  for  the  overlap. 

Equation  (2)  can  now  be  written  as  : 

I,  (1  —  A)  +  f  *  R(CO,)  (fT  +  r  *  R(H,0)  dT  + 


+ 


r'* 

R(0,)dT 


(tt; 


(6) 
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To  solve  this  equation  for  the  surface  temperature,  T«,  one 
can  assume  a  value  for  T«  and  perform  the  integrations  on  the  left 
side  of  the  equation.  Upon  adding  the  incoming  radiation  to  the 
evaluated  integrals,  we  can  compute  a  second  approximation  of  T« 
from  Equation  (6).  This  new  value  is  then  used  to  recalculate  the 
integrals  and  obtain  a  third  approximation,  and  so  on,  until  a 
value  of  T(  is  obtained  that  balances  Equation  (5).  The  surface 
temperature  obtained  from  this  model  represents  an  estimate  of 
the  maximum  possible  value  of  the  average  surface  temperature 
on  Mars. 

C.  Oreen-house  model  and  eomptUational  techniques 

The  green-house  model  that  we  shall  adopt  is  based  upon 
reasonable  estimates  of  the  maximum  amounts  of  carbon  dioxide, 
water  vapor  and  ozone  in  the  atmosphere  of  Mars.  Of  these  three 
constituents,  carbon  dioxide  is  the  only  one  that  has  definitely 
been  detected  in  the  Martian  atmosphere.  Grandjean  and  Goody 
(1955),  in  a  re-analysis  of  Kuiper’s  (1952)  near  infrared  measure¬ 
ments,  derive  a  carbon  dioxide  content  of  about  2  %  for  the 
commonly  accepted  surface  pressure  of  85  mb.  We  shall  simply 
double  this  value  for  our  estimate  of  maximum  carbon  dioxide 
content.  We  shall  further  assume  that  all  three  gases  are  uniformly 
mixed  with  height  so  that  the  path  lengths  are  a  function  only 
of  pressure,  and  that  a  linear  pressure  correction  can  be  applied 
directly^to  the  path  lengths  as  suggested  by  Elsasser  (1960).  With 
these  assumptions  and  a  carbon  dioxide  content  of  4  %  the  carbon 
dioxide  path  length  for  any  pressure  thickness  is 


where  Au^q^  is  the  pressure  corrected  path  length  (cm  STP)  in  a 
layer  with  mean  pressure  p  mb  and  thickness  Ap  mb. 

Although  water  vapor  has  not  been  detected  spectroscopically 
in  the  Martian  atmosphere,  the  aqueous  nature  of  the  polar  caps 
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indicates  that  there  must  be  some  water  vapor  present.  Dunham 
(1962),  on  the  basis  of  spectroscopic  observations,  derived  an  upper 
limit  of  0.0015  times  the  terrestrial  amount  over  Mt.  Wilson  on  an 
average  clear  night.  This  is  of  the  order  of  10~*  cm  of  precipitable 
water  with  the  terrestrial  amount  of  about  0.7  cm  prevailii^  during 
Dunham’s  observations.  De  Vaucouleurs  (1954)  states  that  the 
amount  of  precipitable  water  is  very  likely  much  less  than  4  x  10~*cm 
and  probably  less  than  1  X  10“*  cm.  We  take  as  our  estimate  of 
the  maximum  water  vapor  content  the  value  10~*  cm  of  precipitable 
water.  Assuming  a  constant  mixing  ratio  with  height,  the  pressure 
corrected  water  vapor  path  length  (cm  precip.  water)  for  any 
pressure  thickness  can  be  written  as 

A«h.o  =  1.18x 

Ozone  also  has  not  been  detected  in  the  Martian  atmosphere. 
An  upper  limit  of  0.05  cm  has  been  given  by  Kuiper  (1952)  who 
based  his  estimate  on  the  failure  of  attempts  to  detect  ozone  by 
means  of  absorption  spectra.  Another  estimate  of  the  maximum 
amount  of  ozone  has  been  derived  by  Marmo,  el  al,  (1960)  who 
computed  the  total  amount  of  photochemically  produced  ozone  for 
an  atmosphere  that  had  a  maximum  possible  amount  of  oxygen. 
The  maximum  amount  of  oxygen  is  about  2.5  m  (Dunham,  1952) 
and  for  this  oxygen  content  Marmo,  et  al,  computed  a  value  of 
about  0.15  cm  for  the  total  amount  of  ozone.  Using  this  latter 
value  as  our  estimate  of  the  maximum  amount  of  ozone  on  Mars 
we  can  express  the  pressure  corrected  ozone  path  lengths  (cm  STP) 
as 

(8) 

As  discussed  previously  the  adiabatic  lapse  rate,  approximately 
3.7  deg/km  is  to  be  used  in  the  radiation  computations.  The  surface 
pressure  is  taken  as  85  mb.  In  order  to  evaluate  numerically  the 
integrals  appearing  in  Equation  (5),  the  atmosphere  is  divided  into 
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nine  layers  of  thiokness  10  mb,  except  for  the  topmost  layer,  whose 
thickness  is  6  mb.  For  example  the  integral  for  carbon  dioxide  is 
written  as 

B 

2  R<  (log  a,,  T<)  ATi, 

where  R|  is  the  R  viUae  of  the  t**  layer,  which  is  a  function  of  a^, 
the  pressure  corrected  carbon  dioxide  path  length  from  top  of  the 


TEMPERATURE  (‘O 

Pig.  1.  —  Extrapolated  values  of  R(COt). 

atmosphere  to  the  middle  of  the  layer,  and  Tf,  the  average  temper¬ 
ature  of  the  layer  ;  and  AT|  is  the  temperature  difference  between 
the  bottom  and  top  of  the  t**  layer. 

Mean  temperatures  and  path  lengths  for  eMh  layer  we  used 
to  obtain  values  of  the  R  function  from  Elsasser’s  (1960)  tables, 
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Fig.  S.  —  Extr^mlfttsd  valnaa  of  R(H,0). 


And  the  oompatation  is  similar  in  all  respects  to  that  suggested 
by  Elsasser  except  that  numerical  rather  than  graphical  int^ration 
is  used.  In  our  model  the  temperature  at  the  top  of  the  atmosphere 
is  zero  K  and  the  temperatures  in  the  upper  part  of  the  atmosphere 
are  below  193**  K.  Since  Elsasser’s  tables  of  R  cover  only  the  nuige 
193  <  T  <  313,  they  were  extrapolated  from  193  K  to  a  tempera¬ 
ture  of  zero  K,  for  selected  path  lengths,  in  our  computations. 
The  extrapolation  to  zero  degrees  K  was  performed  with  the  know¬ 
ledge  that  R  at  zero  degrees  is  equal  to  zero  (see  Equation  [4]). 

f*“ 

As  a  check  on  the  extrapolation,  integrals  of  the  form  I  R  dT 

•'o 

at  constant  path  length  were  evaluated  graphically  and  compared 
to  similar  integrals  given  by  Elsasser  (1960).  Although  there  may 
still  be  some  error  in  the  values  of  R  used  at  temperatures  less 
than  193<’  K,  these  will  not  significantly  affect  the  computations 
since  the  contributions  of  the  upper  layers  to  the  outgoing  radiation 
are  much  less  than  the  contributions  from  the  lower  layers.  Graphs 
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showing  the  extrapolated  R  ourves  are  contained  in  Figures  1,  2, 
and  3. 


Fig.  3.  —  Extrapolated  values  of  R(0,). 

D.  Results 

For  a  solar  constant  of  2.0  cal  om~*  min-^  and  a  dilution  factor 
of  0.44,  the  average  incoming  radiation  at  the  top  of  the  Martian 
atmosphere,  I«,  is  317  cal  cm~*  da^p*.  With  the  commonly  accepted 
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value  of  0.16  for  the  Martian  planetary  albedo  the  average  amount 
of  solar  radiation  remaining  after  reflection  is 

I#  (1  —  A)  =  269  cal  cm~*  day~‘. 

Using  this  value  and  the  maximum  green-house  model  discussed 
above,  we  obtain  from  Equation  (5)  a  value  of  T«  equal  to  233o  K. 
This  temperature  is  our  estimate  of  the  maximum  possible  value 
of  the  average  surface  temperature  on  Mars.  Comparing  233°  K 
with  our  previous  estimate  of  219°  K  for  the  minimum  possible 
value,  we  see  that  even  a  maximum  green-house  effect  would  raise 
the  surface  temperature  only  about  14°  K.  This  maximum  green¬ 
house  effect  can  be  compared  to  the  average  green-house  effect  for 
the  earth.  The  temperature  of  the  earth’s  surface,  if  it  had  an 
atmosphere  transparent  to  long  wave  radiation,  can  be  computed 
from  Equation  (1).  With  an  albedo  of  0.35,  p  =  1  and  a  solar 
constant  of  2.0  cal  cm~*  min*'.  Equation  (1)  yields  a  temperature 
of  252®  K  for  the  earth.  The  observed  average  temperature  of  the 
earth  is  about  288°  K,  indicating  that  the  average  green-house 
effect  for  the  earth  is  about  36°  K,  or  about  2  1/2  times  as  large 
as  the  maximum  green-house  effect  for  Mars. 

Of  the  three  gases  contributing  to  the  green-house  effect,  car¬ 
bon  dioxide  is  by  far  the  most  important  as  can  be  seen  from  the 
following  values  of  the  integrals  appearing  in  Equation  (5)  ; 

I  R(CO,)  dT  =  57  cal  cm~*  day-' 

I  R(H,0)  dT  =  18  cal  cm-*  day-' 

•T» 

I  RfOs)  dT  =  4  cal  cm-*  day-' 

This  is  in  contrast  to  the  earth’s  atmosphere  where  water  vapor 
is  the  most  important  absorber  of  long-wave  radiation. 

Another  measure  of  the  effectiveness  of  the  green-house  is  the 
ratio  of  outgoing  long-wave  radiation  at  the  top  of  the  atmosphere 
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to  the  long-wave  radiation  emitted  by  the  surface,  which  may  be 
termed  the  infrared  transparency  of  the  atmosphere.  The  lower  the 
infrared  transparency,  the  more  effective  is  the  green-house.  For 
average  conditions  on  earth  the  infrared  transparency  (based  on 
radiation  fluxes  computed  by  London,  1957)  is  about  57  %  ;  for 
oiu*  maximum  green-house  on  Mars,  the  infrared  transparency  is 
77  %. 

Based  upon  our  theoretical  estimates  the  true  average  surface 
temperature  of  Mars  should  lie  between  219oK  and  233°  K.  In 
order  to  fix  the  average  temperature  more  accurately,  it  would  be 
necessary  to  know  the  actual  amounts  and  distribution  of  absorb¬ 
ing  gases,  and  the  etual  vertical  temperature  distribution.  A  sample 
calculation  inv  ' '  ted  that  the  use  of  the  estimated  average  carbon 
dioxide  concentration  — 2%  by  volume  —  rather  than  a  maximum 
concentration  —  4  %  by  volume  —  did  not  affect  the  outgoing 
radiation  too  much.  Also  the  vertical  temperature  distribution  we 
used  cannot  be  too  far  from  the  actual  temperature  distribution. 
We  therefore  suggest  that  the  actual  mean  temperature  is  closer 
to  233'>  K  than  to  219®  K.  In  the  next  section  we  compare  our 
estimate  with  some  of  the  observations  of  Martian  temperatures. 

E.  Comparison  irith  observations 

The  observations  of  surface  temperature  on  Mars  cro  generally 
based  upon  measurements  of  the  planet’s  thermal  emission  ;  these 
measurements  are  usually  made  during  oppositions  and  therefore 
refer  largely  to  the  sunlit  side  of  the  planet.  Gifford  (1956)  has 
analyzed  systematically  large  numbers  of  such  observations  and 
has  derived  average  latitudinal  surface  temperature  distributions 
on  the  noon  meridian  for  each  of  the  four  seasons  for  the  latitude 
range  60®  N  to  80®  S.  On  the  basis  of  continuity  and  solar  insolation 
considerations  we  have  extrapolated  these  curves  to  the  poles ; 
they  are  shown  in  Figure  4,  with  extrapolations  indicated  by  dashed 
lines.  In  order  to  compute  the  average  planetary  surface  temper- 
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ature  from  these  observations  we  must  perform  the  following 
operations  : 


Fig.  4.  —  Average  surface  temperature  variation  along  the  Martian  noon 
meridian  for  southern  hemisphere  seasons  (after  Gifford,  1956). 

(a)  Winter,  (b)  Fall,  (c)  Summer,  (d)  Spring. 

(1)  Average  the  seasonal  curves  to  obtain  an  average  annual 
curve  ; 

(2)  Subtract  from  these  noon-time  temperatures  the  amplitude 
of  the  average  diurnal  variation  of  temperature  as  a  function  of 
latitude  in  order  to  obtain  a  mean  daily  temperature  ; 

(3)  Compute  the  average  planetary  surface  temperature  by 
weighting  the  mean  temperature  at  each  latitude  belt  according 
to  the  area  of  the  latitude  belt. 

When  the  first  of  these  operations  is  performed  the  average 
annual  noon  curve  shown  in  Figure  5  results.  The  correction  of 
this  curve  for  diurnal  variation  is  imiwrtant  because  such  variations 
are  apparently  appreciable  on  Mars.  There  have  been  a  number 
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of  measurements,  mostly  in  tropical  regions,  of  the  variations  of 
Martian  surface  temperature  during  the  day.  Gifford’s  (1956)  ana¬ 
lysis  of  214  daytuna  surface  temperatures  near  the  Martian  equator 
indicates  a  diurnal  range  of  about  70oC,  which  is  equivalent  to 
an  amplitude  of  36o  C.  De  Vaucouleurs  (1964),  in  his  book  on  Mars, 
suggests  an  average  amplitude  of  26oC  in  the  equatorial  regions. 


Fig.  5.  —  Average  annual  surface  temperature  as  a  fimction'of  latitude  : 
(a)  noon  temperatures,  (b)  mean  daily  temperatures. 

In  the  recent  observations  of  Sinton  and  Strong  (1960),  however, 
the  indicated  amplitude  is  about  45o  C  or  higher.  Since  the  analyses 
of  Gifford  and  de  Vaucouleurs  are  based  upon  more  data  we  shall 
rely  on  their  estimates  for  the  amplitude  of  the  diurnal  variation 
at  the  equator ;  we  therefore  adopt  an  amplitude  of  30°  C  in  the 
equatorial  regions  of  Mars.  Assuming  that  the  diurnal  variation 
depends  only  on  insolation,  we  can  approximate  the  latitudinal 
variation  of  the  amplitude  by  a  simple  cosine  function 

—  30  cos  (9) 

where  is  the  amplitude  at  any  latitude  f.  When  these  amplitudes 
are  subtracted  from  the  noon  curve,  the  average  annual  curve 
shown  in  Figure  5  is  obtained.  The  curve  indicates  an  average 
equatorial  temperature  close  to  240**  K  and  average  polar  temper- 
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ature  of  between  200"  K  and  210"  K.  The  average  planetary  surface 
temperature  can  be  obtained  from  a  numerical  integration  of  this 
curve  from  pole  to  pole,  weighting  the  temperatures  according  to 
surface  area  as  follows  : 

-  1 

T  =  T(9)  cos  9  d  9  (10) 

where  T  is  the  average  planetary  surface  temperature,  and  T(9) 
ic  the  average  surface  temperature  at  latitude  9.  Upon  performing 
this  integration  we  obtain  a  value  of  233"  K  for  the  average  Martian 
surface  temperature.  Within  the  scope  of  the  uncertainties  involved 
in  obtaining  this  value,  it  can  bo  considered  to  be  in  reasonable 
agreement  with  the  computed  theoretical  range  210"  K  to  233"  K. 

11.  Avkragr  vertical  Distribution  of  Temperature 
A.  Introduction 

'I'he  average  vertical  distribution  of  temperature  in  a  planetary 
atmosphere  is  generally  controlled  by  the  following  processes  : 
(1)  ra^liation,  (2)  convection,  and  (3)  condensation  phenomena. 
Horizontal  eddy  transport  and  advection  of  heat,  though  important 
at  various  latitudes  and  seasons,  should  not  affect  the  average 
vertical  temperature  distribution.  The  Martian  atmosphere  and,  to 
a  smaller  extent,  the  earth’s  atmosphere  are  largely  transparent 
to  solar  radiation.  'Thus,  most  of  the  solar  energy  is  not  absorbed 
directly  in  the  atmospheres  of  these  planets  but  rather  at  the 
planetary  surfaces.  This  energy  is  then  transmitted  to  the  atmo¬ 
sphere  by  infrared  radiative  and  convective  transfer.  In  the  earth’s 
atmosphere,  but  probably  not  on  Mars,  the  release  of  heat  into  the 
atmosphere  by  condensation  of  water  vapor  accompanies  the  radi¬ 
ative  and  convective  processes.  The  combination  of  these  processes 
in  the  earth’s  atmosphere  results  in  an  average  tropospheric  lapse 
rate  of  about  6"  K/km,  which  is  about  60  %  of  the  lapse  rate  that 
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would  be  produced  by  dry  convection  alone  :  the  adiabatic  lapse 
rate.  Radiative  processes,  both  short-wave  absorption  and  long¬ 
wave  emission,  if  allowed  to  act  alone  in  the  earth’s  atmosphere 
would  produce  a  temperature  distribution  close  to  adiabatic  in  the 
troposphere  and  close  to  the  observed  temperatures  in  the  upper 
stratosphere  (Manabe  and  Mbller,  1961).  Thus,  in  the  earth’s  strato¬ 
sphere,  the  controlling  processes  are  principally  radiative. 

The  temperature  distribution  in  the  Martian  atmosphere  is 
unknown.  Present  knowledge  concerning  the  Martian  atmosphere 
indicates  that  condensation  phenomena  and  absorption  of  solar 
radiation  by  the  atmosphere  can  be  neglected.  The  major  processes 
affecting  the  average  vertical  temperature  distribution  in  the  Mart¬ 
ian  atmosphere  are  then  infrared  radiation  and  eonvection.  In  the 
present  study,  we  compute  the  average  vertical  temperature  dis¬ 
tribution  on  Mars  on  the  basis  of  a  simple  model  which,  though 
primarily  a  radiative  equilibrium  model,  permits  the  effect  of 
convection  to  be  considered. 

B.  Theoretical  formulation 

As  stated  in  the  introduction,  the  important  processes  controll¬ 
ing  the  temperature  structure  of  the  Martian  atmosphere  are 
infrared  radiation  and  convection.  If  one  computes  the  temperature 
distribution  that  would  result  from  radiative  transfer  alone,  one 
obtains  a  radiative  equilibrium  temperature  profile.  For  an  atmo¬ 
sphere  such  as  Mars’  or  the  earth’s,  the  infrared  radiative  equili¬ 
brium  temperature  profile  is  characterized  by  extreme  convective 
instability  in  the  lower  layers  (see,  for  example.  Goody,  1964,  de 
Vaucouleurs,  1954).  Because  of  its  instability,  such  a  temperature 
profile  cannot  exist ;  convection  takes  place  and  the  temperatures 
in  the  lower  layers  are  changed.  The  new  lapse  rate  is  determined 
by  convective  equilibrium  rather  than  radiative  equilibrium  and 
is  equal  to  the  adiabatic  lapse  rate  (in  the  case  of  the  earth’s 
atmosphere  condensation  processes  further  change  the  prevailing 
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lapse  rate).  The  height  to  which  convection  extends  depends  upon 
infrared  radiation  processes  ;  convection  will  extend  to  that  height 
above  which  infrared  radiation  produces  a  stable  lapse  rate  (Goody, 
1954).  This  level  separates  a  convective  troposphere  from  a  radiative 
equilibrium  stratosphere  and  can  be  referred  to  as  the  tropopause. 
Simple  as  this  theoretical  formulation  may  be,  it  does  improve 
upon  a  theory  based  upon  radiative  equilibrium  alone  in  that  the 
effect  of  convection,  if  not  the  actual  mechanisms,  are  included, 
and  it  does  permit  estimates  of  the  height  of  the  tropopause.  This 
formulation  has  been  applied  to  the  Martian  atmosphere  previously 
(Goody,  1957) ;  however,  the  surface  temperature  used,  270®  K,  is 
probably  about  40®  K  higher  than  the  average  surface  temperature 
(see  previous  discussion  of  average  surface  temperature). 

('.  CompiUational  technique 

Our  goal  is  to  determine  the  average  temperature  structure 
in  the  Martian  atmosphere  on  the  basis  of  a  convective  troposphere 
lying  below  a  radiative  equilibrium  stratosphere  that  is  thermaUy 
stable.  The  computations  are  based  upon  the  initial  value  method 
of  computing  radiative  equilibrium  temperatures  (see  Manabe  and 
Moller,  1961).  Starting  with  an  initial  isothermal  atmosphere  whose 
temperature  is  equal  to  the  average  Martian  surface  temperature, 
we  compute  the  infrared  radiative  temperatiue  change  rates  as  a 
function  of  height.  These  rates  are  then  applied  to  the  initial 
temperature  profile  in  order  to  obtain  a  new  temperature  profile. 
This  process  is  continued  until  a  temperature  profile  is  obtained 
for  which  the  radiational  rates  of  temperature  change  are  negligibly 
small.  At  each  stage  of  the  calculations,  however,  the  temperature 
profiles  are  checked  for  instability ;  if  any  layer  has  a  lapse  rate 
greater  than  the  adiabatic,  the  iemperatures  are  brought  back  to 
the  adiabatic  curve  prior  to  the  next  calculation  of  radiational 
rates  of  temperature  change.  Such  instabilities  will  occur,  accord¬ 
ing  to  the  previous  discussion,  in  the  lower  layers  of  the  atmosphere. 
Throughout  the  computation  the  surface  temperature  is  held  con- 
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stant.  Within  the  limits  of  the  theoretical  formulation,  the  final 
temperature  profile  obtained  from  these  calculations  should  be 
representative  of  the  average  temperature  structure  of  the  Martian 
atmosphere. 

The  radiational  rates  of  temperature  change  were  determined 
from  the  divergence  of  the  net  fiux  of  radiation  with  height,  as 
computed  with  the  aid  of  Elsasser’s  (1960)  radiation  tables.  Carbon 
dioxide  is  assumed  to  bo  the  only  important  radiating  gas,  and  the 
15  (X  band  of  carbon  dioxide  the  only  important  band.  Following 
Elsasser’s  notation,  the  upward  and  downward  fluxes  of  radiation 
at  any  reference  level  can  be  written  as  (see  Elsasser,  1960,  and 
Hales,  el  al,  1960). 


Ft  (O)  =  cTl 


-  f  \r(m,T) 

•'t. 


dT 


where 


.T.  .T, 

Ft  (0)  =  J  R(m,T)  ‘iT  +  J  R(m„T)  (fT 


R(»,T)  =  J^‘’[l-T(tt)]dv 


(H) 

(12) 


(13) 


and  Ft  (O)  and  Ft  (O)  are  the  upward  and  downward  radiation 
fluxes  at  the  reference  level,  a  is  the  Stefan-Boltzmann  constant, 
T,  is  the  ground  temperature,  u  is  the  reduced  carbon  dioxide  path 
length  (increasing  upwards  and  downwards  from  the  reference  level), 
T  is  temperature,  T,  is  the  temperature  at  the  top  of  the  atmosphere, 
To  is  the  temperature  at  the  reference  level,  Ui  is  the  reduced 
carbon  dioxide  path  length  from  the  top  of  the  atmosphere  to  the 
reference  level,  is  the  black-body  energy  per  unit  spectral  inter¬ 
val,  and  T  is  the  fiux  transmissivity.  The  integral  in  Equation  (11) 
and  the  first  integral  in  Equation  (12)  follow  the  actual  temperature- 
path-length  relationship  in  atmosphere  ;  the  second  integral  in 
Equation  (12)  is  a  boundary  term  ;  the  integral  in  Equation  (13) 
extends  over  the  15  fx  carbon  dioxide  band. 
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The  net  flux  at  any  level  is  given  by  the  difierenoe  between 
the  upward  and  downward  fluxes. 

F„,t(0)  =  Ft(0)-Fi(0)  (14) 

The  radiational  rate  of  temperature  change  can  be  obtained 
from  the  vertical  divergence  of  the  net  flux 

AT  g  AFnet 

= - (lo) 

A/  Cp  Ap 

where  AT/Ai  is  the  radiational  rate  of  temperatime  change  for  a 
layer  of  pressure  thickness  Ap,  g  is  the  acceleration  of  gravity, 
Cp  is  the  specific  heat  of  the  atmosphere  at  constant  pressure. 
With  g  =  373  cm  sec"*,  c,  =  0.24  cal  deg-*,  AFnet  ***  cal  on*'* 
day-*  and  Ap  in  mb.  Equation  (16)  can  be  written  as 


A/  Vday/ 


A/  \day/  Ap 

The  atmospheric  integrals  in  Equations  (11)  and  (12)  are 
evaluated  numerically  by  dividing  the  atmosphere  into  eight  layers 
of  thickness  10  mb  and  one  layer  (the  topmost)  of  5  mb.  Mean 
temperatures  and  path  lengths  for  each  layer  are  used  to  obtain 
the  values  of  R  from  expanded  tables  of  R,  which  have  been  com¬ 
puted  by  Hales,  et  al  (1960).  As  suggested  by  Elsasser  (1060),  a 
linear  pressure  correction  is  applied  to  the  path  lengths  to  correct 
for  pressure  broadening  of  the  absorption  lines. 

The  Elsasser-Hales  tables  of  R  cover  the  range  of  temperature 
from  313«  K  to  lOS**  K.  These  tables  were  extended,  for  the  path 
lengths  applicable  on  Mars,  to  a  temperature  of  zero  "K.  The 
extrapolation  to  zero  *’K  was  performed  with  the  knowledge  that 

R(tt,T)  at  T  =  0  is  equal  to  zero.  As  a  check  on  the  extrapolation, 

-i»s 

integrals  of  the  form  I  R  cfT  at  constant  u  were  evaluated 

•'0 

graphically  and  compared  to  similar  integrals  presented  by  Elsasser 
(1960).  If  necessary,  the  curves  were  redrawn  until  good  agreement 
was  obtained.  Fortunately,  the  values  of  R  are  small  at  these  low 
temperatures  so  that  the  use  of  extrapolated  values  should  not 
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seriously  affect  the  final  results.  The  extrapolated  values  of  R  for 
the  15  (i.  carbon  dioxide  band  are  shown  in  Figure  1. 

The  second  integral  in  Equation  (12),  which  represents  an 
integration  from  zero  “K  to  the  temperature  at  the  top  of  the 
atmosphere,  at  constant  path  length,  was  evaluated  graphically 
from  the  curves  in  Figure  1.  At  the  lower  boundar3%  the  ground, 
the  temperature  was  held  constant  throughout  the  computations  ; 
at  the  upper  boundary,  the  top  of  the  atmosphere,  the  temperature 
was  assumed  equal  to  the  temperature  of  the  highest  layer,  which 
varied  during  the  successive  iterations.  The  radiation  fluxes  were 
computed  at  the  top  and  bottom  of  each  layer  and  the  radiational 
rates  of  temperature  change  were  then  obtained  from  Equation  (16). 

The  calculations  were  stopped  when  all  of  the  radiational  rates 
of  temi>erature  change  were  equal  to  or  less  than  0.1  deg  day*. 
As  a  check  on  the  calculations,  the  same  iteration  technique  was 
applied  to  an  atmosphere  that  initially  had  an  adiabatic  lapse  rate. 

D.  Physical  model 

A  value  of  230®  K  is  adopted  for  the  average  surface  temper¬ 
ature  of  Mars.  This  value  is  based  upon  the  discussion  in  Section  I. 
The  most  probable  value  of  surface  pressure  is  about  85  mb  (de 
Vaucouleurs,  1954)  and  the  adiabatic  lapse  rate  is  about  3.7®K/km 
(Kellogg  and  Sagan,  1961). 

In  the  present  calculations,  the  Martian  atmosphere  is  assumed 
to  be  dry  and  devoid  of  ozone.  The  only  gas  that  has  been  observed 
spectroscopically  in  the  Martian  atmosphere  is  carbon  dioxide. 
Grandjean  and  Goody  (1966)  derive  a  carbon  dioxide  content  of 
about  2  %,  asstuning  a  surface  pressure  of  86  mb.  This  compares 
to  an  average  carbon  dioxide  content  of  0.03  %  by  volume  in  the 
earth’s  atmosphere.  Assuming  that  the  carbon  dioxide  is  uniformly 
mixed  in  the  Martian  atmosphere,  we  can  write  the  pressure  cor¬ 
rected  path  length  as 
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where  Au  is  the  carbon  dioxide  path  length  in  cm  STP  of  a  layer 
of  thickness  Ap  mb  and  average  pressure  p  mb.  With  this  physical 
model  and  with  the  theoretical  formulation  and  computational 
techniques  outlined  above,  we  can  now  compute  the  average  ver¬ 
tical  distribution  of  temperature  in  the  Martian  atmosphere. 

E.  Results 

The  computed  temperature  profile  and  an  adiabatic  profile 
are  illustrated  in  Figure  6  ;  the  crosses  represent  temperatures 
obtained  from  an  atmosphere  that  is  initially  isothermal  at  230°  K, 
and  the  circles  represent  temperatures  obtained  from  an  atmosphere 
that  initially  has  an  adiabatic  temperature  profile  and  a  surface 
temperature  of  230°  K.  At  no  level  is  the  difference  between  the 
two  sets  of  computed  temperatures  greater  than  5°  K.  The  tropo¬ 
sphere  extends  to  a  height  of  about  9  km  where  it  is  topped  by 
a  tropopause  whose  temperature  is  196°  K.  Above  the  tropopause 
the  temperature  decreases  at  an  average  rate  slightly  less  than 
adiabatic  to  about  90°  K  near  42  km  (2.5  mb).  This  last  temperature 
represents  the  average  temperature  of  the  topmost  6  mb  layer  of 
the  Martian  atmosphere.  Also  shown  in  Figure  6  is  an  approximate 
representation  of  the  profile  computed  by  Croody  (1957)  for  the 
same  carbon  dioxide  content  but  with  a  surface  temperature  of 
270°  K.  Goody’s  computed  tropopause  is  about  the  same  height  as 
ours.  Above  the  tropopause  the  shapes  of  both  curves  are  in  reason¬ 
able  agreement  up  to  about  20  mb,  but  above  this  level  our  temper¬ 
atures  decrease  more  rapidly  than  Goody’s.  This  discrepancy  may 
be  due  to  a  number  of  factors,  including  the  low  height  resolution 
in  the  upper  part  of  our  model  atmosphere,  the  boimdary  condition 
we  imposed  at  the  top  of  the  atmosphere  and  the  extrapolated  B 
values  used  at  these  heights.  In  any  case  the  major  features  of  both 
profiles  are  the  same  : 

(1)  An  adiabatic  troposphere  extending  to  about  9  km  ;  and 

(2)  A  stratosphere  that  is  stable  but  with  temperature  still 
decreasing  with  height. 
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Fig.  6.  —  Computed  vertical  distribution  of  temperature  in  the  Martian 
atmosphere.  —  Croesee  represent  temperatures  obtained  from  an  initial 
iaothermal  state ;  circles  represent  temperatures  obtained  from  an  initial 
state.  —  Goody’s  (1957)  profile  and  an  adiabatic  profile  (dashed 
line)  are  also  indicated. 

It  is  interesting  to  note  that  at  the  low  temperatures  which 
we  have  computed  for  the  30  to  40  km  region,  carbon  dioxide 
would  condense.  Such  a  condensation  might  have  some  connection 
with  the  blue  haze  observed  in  the  Martian  atmosphere.  However, 
before  we  can  adopt  our  estimated  temperature  distribution  with 
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any  degree  of  certainty  wc  must  first  ascertain  how  much  water 
vapor  and  ozone  is  actually  present  in  the  Martian  atmosphere. 
Ozone  especially,  if  present,  would  affect  the  stratospheric  temper¬ 
ature  distribution  through  its  direct  absorption  of  solar  radiation. 
Thus,  the  computed  temperature  distribution  should  be  considered 
as  a  tentative  estimate  of  the  true  temperature  distribution. 
Additional  eomputations  should  be  made  as  soon  as  better  estimates 
of  the  average  water  vai)or  and  ozone  contents  become  available. 

III.  Summary 

From  tbeorotical  rom])utations  based  upon  radiative  equili¬ 
brium  considerations,  the  average  surface  temperature  of  the  planet 
Mars  is  found  to  in  the  range  of  219°  K  to  233°  K. 

This  is  in  reasonable  agreement  with  the  thermal  emission 
observations  which  suggest  a  mean  temperature  of  about  233°  K. 
The  computations  also  indicate  that  the  maximum  green-house 
eflFect  on  Mars  is  about  40  of  the  average  green-house  effect  in 
the  earth’s  atmos]>herc,  and  that  carbon  dio.Kide  is  the  most  impor¬ 
tant  contributor  to  the  Martian  green-house. 

The  major  characteristics  of  the  computed  vertical  distribution 
of  temperature  in  the  Martian  atmosphere  are  an  adiabatic  tropo¬ 
sphere  extending  to  9  km,  and  a  stratosphere  that  is  stable,  but 
with  temperature  still  decreasing  with  height.  If  ozone  is  present 
in  the  atmosphere  additional  computations  should  be  made  to 
evaluate  its  effect  on  the  temperature  distribution. 
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43.  —  EXTREME  MODEL  ATMOSPHERE  OF  MARS  (*) 


G.  F.  SCHILLING 
The  RAND  Corporation 
Santa  Monica,  Cali/omia,  U.S.A. 


Introduction 

When  faced  with  the  requirements  of  designing  and  building 
space  probes  to  explore  our  neighboring  planets,  the  scientific 
experimenter  as  well  as  the  engineer  must  rely  on  quantitative 
data  rather  than  best  estimates.  Mars  has  been  the  subject  of 
astronomical  observations  for  centuries,  and  there  can  be  found  in 
the  scientific  literature  an  abundance  of  material  about  its  atmo¬ 
sphere.  Yet  an  impartial,  critical  analysis  soon  reveals  that  our 
present  reliable,  quantitative  knowledge  of  its  characteristics  is 
very  scarce,  indeed. 

Consequently,  I  have  reeently  attempted  to  compute  theore¬ 
tical  models  of  the  atmosphere  of  Mars  on  the  basis  of  the  very 
few  available,  factual  data,  together  with  a  minimum  of  assumpt¬ 
ions.  Distinct  from  earlier  approaches  which  have  resulted  in  «  mean 
values  »,  these  model  atmospheres  give  extreme  upper  and  lower 
limits  for  the  distribution  of  pressure,  temperature,  and  density  in 
the  Martian  atmosphere  up  to  150  km  altitude. 

The  mathematical  method  used  is  essentially  one  which  proved 
successful  in  developing  model  atmospheres  of  Earth  as  recently 
as  some  twenty  years  ago,  before  the  advent  of  sounding  rockets 
and  high-altitude  balloon  measurements.  While  I  believe  that  this 
method  has  indeed  yielded  reliable  data  needed  for  the  engineering 
design  of  space  probes  for  the  exploration  of  Mars,  the  spread  of 
values  is  still  very  broad,  and  indicative  of  our  present  scarcity 
of  knowledge. 

(*)  This  research  was  supported  in  pwt  by  the  Jet  Propulsion  Labora¬ 
tory,  California  Institute  of  Technology,  under  Contract  No,  N-33661 
(NAS  7-100)  for  the  National  Aeronautics  and  Space  Administration. 
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Method  of  computation 


The  study  took  three  steps  towards  a  quantitative  description 
of  the  principal  physical  parameters  of  the  atmosphere  of  Mars. 
First,  an  attempt  was  made  to  derive  extreme  limits  for  the  per¬ 
missible  ranges  of  atmospheric  temperature,  pressure,  and  density 
which  could  prevail  near  the  Martian  surface  in  middle  and  low 
latitudes.  These  limits  were  derived  essentially  from  past  obser¬ 
vations  of  the  mass  of  the  Martian  atmosphere  per  unit  surface 
area,  and  from  radiometric  observations  of  the  ground  temperature, 
permitting  inferences  about  the  range  of  air  temperature  close  to 
the  ground. 

Secondly,  the  permissible  variations  with  altitude  of  these 
limits  were  computed  for  a  Martian  troposphere  in  convective  as 
well  as  conductive  equilibrium,  with  isothermal  equilibrium  above 
the  tropopause.  Taken  into  account  were  such  uncertainties  as  our 
knowledge  of  mass  and  diameter  of  Mars  (and  hence  gravitational 
acceleration)  and  variation  of  the  intensity  of  solar  radiation  from 
aphelion  to  perihelion.  This  method  allowed  a  reasonably  confident 
calculation  of  probable  lower  limits  uj)  to  about  80  km  altitude. 
Reliable  upper  limits,  however,  could  not  be  derived  in  such  a 
rigorous  way,  primarily  because  of  our  practically  complete  lack 
of  factual  knowledge  of  the  composition  of  the  Martian  atmosphere. 

The  third  step,  consequently,  introduced  a  number  of  specul¬ 
ative  assumptions  with  regard  to  the  role  played  by  minor  con¬ 
stituents,  especially  CO,  and  ozone.  A  resultant  conjectural  model 
was  computed  for  the  case  of  maximum  heating  caused  by  these 
constituents  absorbing  solar  energy  in  the  Martian  atmosphere. 

Conclusions 

The  detailed  calculations  and  the  numerical  results  of  the 
limiting  envelopes  for  three  specific  model  atmospheres  are  being 
published  elsewhere  (*).  Figure  1  is  an  attempt  to  combine  these 
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Altifutft  in  dm 


Vorioliont  of  Itmperolurc 


Voriotiont  of  pressure  orrd  density  estrvmes  with  oltitude 

(Firm  &RDC  1959  MoUti  Almosoncfe  shown  o«  Uoshed  line) 

Fig.  1 

resiilta  in  one  realistic  model  atmosphere  which  gives  probable 
extreme  limits  for  the  basic  atmospheric  conditions  which  we  must 
expect  to  prevaU  on  Mars  up  to  altitudes  of  150  km.  It  constitutes 
a  parametric  envelope  of  the  extreme  values  at  each  altitude ; 
actual  conditions  over  middle  and  low  latitudes  should  fall  between 
these  limits  independently  of  time  of  day  or  of  season.  For  purposes 
of  ready  comparison,  representative  mean  conditions  in  the  Earth’s 
atmosphere  arejtlso  shown  in  the  figure.  Since  above  the  altitude 
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of  about  130  km,  properties  wiU  depend  so  sensitively  on  the  atmo¬ 
spheric  composition  (*),  it  was  felt  that  computations  of  reliable 
limits  would  be  too  speculative  at  this  time. 

Obviously,  the  range  of  values  is  undesirably  broad.  Yet  it 
probably  reflects  more  realistically  our  actual  knowledge  about 
the  atmosphere  of  Mars,  than  do  model  atmospheres  based  on 
«  best  values  »  or  «  most  likely  conditions  ».  In  the  near  future  we 
can  expect  that  any  single  datum  obtained  by  means  of  space 
probes  or  high-altitude  balloons  will  make  it  possible  to  narrow 
these  wide  limits  of  possible  conditions.  Using  any  of  our  present 
factual  knowledge,  I  must  hesitate  to  do  so. 
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44.  —  ON  THE  PROBLEMS  OF  A  MARTIAN  OZONOSPHERE 


H.  K.  PAETZOLD 

Inttitule  of  Qeophyaie*  and  Meteorology, 
Univertity  of  Cologne,  AUemagne 


In  the  terrestrial  atmosphere,  the  ozone  layer  is  one  of  the 
most  interesting  atmospheric  components.  On  the  other  hand,  the 
Martian  atmosphere  has  the  most  similar  features  to  the  terrestrial 
atmosphere  in  the  solar  system.  The  greatest  difference  is  the  cer* 
tainly  extreme  low  oxygen  content,  which  cannot  be  greater  than 
200  cm  Oj  (NTP).  This  suggests  the  problem  of  the  photochemical 
ozone  formation  in  a  planetary  atmosphere  with  a  very  low  oxygen 
concentration.  The  photochemical  theory  of  ozone  formation  is 
well  known  now  for  the  earth  so  that  an  extrapolation  can  be 
tried  for  other  conditions.  The  basic  photochemical  reactions  are 
for  the  Martian  atmosphere  : 
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For  a  relative 

oxygen  concentration  Cg, 

>  0,001  (*),  a  simple 

formula  can  be  held  as  valid  for  the  main  part  of  a  Martian  ozono- 
sphere  : 


(8)  [O,]  =  const  Co,  p  (h) 


!„  J  '  .  \/ 

>  exp(Q/RT)  ^  j-To,  ^ 


with  p  (A)  :  air  density 

T  :  air  temperature 

I,  (A)  :  extramartian  intensity  of  the  solar  Ught 


(*)  Cq,  means  the  relative  ooneentration  of  molecules. 
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Height 


Q  :  activation  energy  of  the  bimoleoular  reaction  (4) 

®o,'  *0,  •  spectral  absorption  coefficients 
for  oxygen  and  ozone 
Tq  ,  To,  :  optical  thickness 
[O,]  :  number  of  Oj-Molec./cm*  (•*) 

In  formula  (8)  only  the  reactions  1  —  4  are  considered.  For 


(*)  In  Fig.  3  and  4  the  ozone  content  t(h)  ia  given  in  cm  O./km  — 
units  [0,1  =  t(h) .  I0-*  N*  .  (N^  =  Avogadro’e  number). 
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oxygen  oonoentration  Cq^  <  0,001  also  the  reaotions  6  —  7  have 
to  be  involved.  All  oalculatiom  have  been  made  for  a  sun  elevation 
of  45‘».  No  effects  of  atmospheric  transport  has  been  considered 
since  its  influence  does  not  affect  the  general  features  according 
to  our  experiences  on  earth. 

For  the  ozone  calculation,  the  heating  effect  of  the  ozone 
layer  itself  must  be  considered  sinoe  the  ozone  formation  strongly 
depends  on  the  temperature  (Equ.  (8)).  In  Fig.  1  the  assumed 
temperatures  are  g'ven  for  an  oxygen  oonoentration  Cq,  =  0  and 
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Cq^  =  0,002.  Fig.  2  demonstrates  the  profiles  of  the  air  density 
of  Mars  and  Earth  with  its  crossing  in  an  altitude  of  about  28  km. 

It  is  very  instructive  to  calculate  the  ozone  profile  for  the 
earth  with  varying  oxygen  concentration  Cq^.  From  Fig.  3,  it  can 
be  well  seen  that  also  for  low  oxygen  concentrations,  an  ozone 
layer  exists  above  an  altitude  of  about  10  km.  This  is  due  to  the 
strong  dependence  of  the  ozone  formation  on  the  w  density 
ftooording  to  Equ.  (8).  The  same  feature  is  shown  by  Fig.  4  for  Mars. 
pitirtft  the  ozone  formation  does  not  depend  on  the  absolute  intensity 
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of  the  solur  UV-radiation  but  strongly  on  the  temperature,  more 
OKone  is  found  on  Mars  than  on  the  Earth  for  the  same  oxygen 
oonoentration  due  to  the  lower  air  temperature  on  Mars.  As  a 
main  result  it  must  be  pointed  out  that  also  on  Mars,  an  ozone 
layer  should  exist  high  above  the  planetary  surface  for  oxygen 
oonoentration  Cq,  >  0,001.  This  limit  for  Earth  and  Mars  means 
that  a  higher  planetary  ozone  layer  should  be  expected  also  for  a 
low  oxygen  concentration  until  the  value  of  the  optical  thickness 
of  the  ozonizing  UV-light  becomes  smaller  than  the  one  at  the 
ground. 


Fig.  5  gives  the  total  thickness  of  the  ozone  layer  for  different 
oxygen  concentrations.  The  most  important  fact  is  that  the  total 
amount  linearly  decreases  while  the  oxygen  oonoentration  expo- 
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nentiaUy  decreases  down  to  very  low  values.  From  these  results 
several  interesting  conclusions  can  be  made  : 

First  the  ozone  content  can  be  used  as  a  very  sensitive  indicator 
for  the  oxygen  concentration  in  a  planetary  atmosphere.  From  a 
total  ozone  layer  of  0,01  cm  O3  a  Martian  oxygen  layer  of  30  cm 
0|  (NTP)  must  be  concluded. 


Since  according  to  the  existing  measurements,  a  Martian  O,  — 
layer  will  not  exceed  the  value  above  the  upper  possible  oxygen 
concentration  cannot  be  greater  than  about  5.  10~*  0,-Mol/Air-Mol. 
In  future,  balloon  measurements  at  40  km  altitude  should  be  made 
to  reduce  this  limit,  since  at  that  altitude  nine  tenth  of  the  terrestrial 
ozone  layer  is  below  the  instruments. 

Further  also  for  low  oxygen  concentration  a  typical  circulation 
should  exist  in  the  Martian  stratosphere  similar  to  that  which  is 
produced  by  the  warm  layer  due  to  the  Os-UV-absorption  on  Earth. 
In  Fig.  1,  the  warm  layer  is  shown,  which  results,  for  an  oxygen 
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oonoentration  of  0,002  on  Mars.  Since  the  inclination  of  the  Martian 
rotation  axis  to  the  orbital  plane  is  similar  to  that  of  the  Eartii, 
such  a  Martian  warm  stratospheric  layer  should  produce  also  a 
stratospheric  pressure  gradient  from  the  summer  to  the  wintor 
hemisphere.  The  resulting  zonal  winds  are  demonstrated  in  Fig.  6 
with  its  typical  change  from  west  to  east  between  winter  and 
summer. 


At  least  the  results  above  are  connected  with  the  existence 
of  oxygen  in  the  Martian  atmosphere.  It  was  an  old  idea  that  the 
oxygen  has  vanished  by  oxydation  of  the  Martian  crust,  since 
one  assumed  that  a  Martian  ozone  layer  would  be  located  directly 
at  the  planetary  surface  for  a  lower  oxygen  oonoentration.  But  this 
assumption  cannot  be  further  held  as  valid.  On  the  other  hand, 
recent  datas  of  satellites  have  given  a  new  picture  of  the  exospheric 
terrestrial  temperatures.  During  daytime  they  vary  between  1900 
and  1400VK  in  the  solar  cycle.  From  this,  the  exoqdierio  tempera¬ 
ture  may  be  estimated  to  be  of  ISOO^K  on  Mars.  But  at  this  tempe¬ 
rature  the  atomic  oxygen  is  not  anymmw  a  stable  component  of 
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the  Martian  atmosphere,  because  a  considerable  amount  of  oxygen 
will  escape  into  space.  Nitrogen  (molecular  weight  28)  will  be  stable 
also  in  the  Martian  atmosphere  because  its  dissociation  must  be 
very  weak  according  to  the  conditions  in  the  terrestrial  atmosphere. 

The  so  called  lifetime  U  is  defined  as  the  time,  in  the  course 
of  which  an  atmosphere  has  escaped  to  1/e  of  its  initial  amount. 
It  is  given  by  formula  (9) 


(9) 

‘‘ ~/M  vs /toM+'BTr, 

with  m 

atomic  weight 

R 

gas  constant 

/ 

gravitation  constant 

M 

:  planetary  mass 

ft 

lower  boimdary  of  the  exosphere 

For  ft  =  4500  km  and  T  —  ISOO^K,  the  escape  time  t,  results 
only  to  1  .  10*  years  for  atomic  oxygen.  Regarding  the  intensity  of 
dissociating  solar  UV-ligbt  and  the  energy  flux  heating  up  the 
Martian  ionosphere  and  exosphere  ( «::<  0,3  erg/cm*  sec),  it  seems 
possible  that  during  a  time  of  4 . 10*  years,  a  layer  of  liquid  water 
of  600  to  1000  meter  thickness  has  been  dissociated  and  evaporated 
into  space.  This  would  explain  the  lack  of  water  and  oxygen  on  Mars 
without  any  additional  assumptions.  For  the  solar  system  a  very 
instructive  row  follows  for  the  atmosphere  of  several  planets. 


Planet 


Atmosphere 


Great  planets 

EarUi 

Mars 

Mercury 

Moon 


high  hydrogen  amount 
nearly  no  hydrogen 
no  oxygen  and  hydrogen 
no  atmosphere 
no  atmosphere 


This  row  can  be  fully  explained  with  our  recent  knowledge 
about  planetary  masses  and  exospheric  temperatures. 
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DISCUSSION  DES  COMMUNICATIONS  34  k  44. 


E.  H.  CoLUMSON  (34)  (36).  —  Dr.  Siiiton’s  photographs  showing  some 
of  the  canals  would  indicate  that  they  may  be  fine  lines  after  all.  I  would 
like  to  ask  whether  visual  observers  at  the  Pic  du  Midi  or  elsewhere  see  the 
canals  as  fine  lines. 

A.  Dolltus  (34)  (36).  —  Under  the  beet  seeing  conditions  we  see  them 
broken  up  into  spots. 

W.  M.  SiNTOM  (34)  (36).  —  Though  they  may  be  resolved  into  spots 
they  are  quite  narrow  and  long  and  whether  they  can  be  divided  into  spots 
or  not  they  cannot  result  from  a  statistical  alignment  of  spots  and  there 
must  be  some  physical  reason  for  their  existence. 

P.  Gttebin  (38).  —  Ck>ncemant  un  dventuel  renforoement  des  bandes 
de  I’ozone  dans  ie  spectre  de  Man,  les  oomparaisons  ont  6t6  faites  dans  les 
« fenfires  »  correspondant  aux  minima  d’absorption  de  I’ozone  dans  TextrAme 
ultra-violet.  II  eut  fallu  comparer  ceUe-ci  pour  mettre  en  dvidence  une 
4ventuelle  composante  inartienne.  CeUe-ci  est  certainement  trte  faibie,  si 
m6me  elle  exists,  car  elle  n'apparait  pas  visuellement  sur  de  forts  agran- 
dissementa  k  grand  contrasts  des  spectres  obtenus.  Une  dtude  spectro- 
photoro4trique  particuli^re  des  bandes  de  I’oxone  serait  cependant  ndoessaire 
pour  trancher  la  question. 

E.  J.  Opik  (39).  —  An  interpretation  of  the  blue  clearing  being  observed 
more  often  around  opposition,  as  a  statistical  effect  of  contrast,  has  been 
recently  published  by  Opik  in  •  Progress  in  the  Astronauticsl  Sciences  ». 
It  would  follow  from  a  phase  law  of  the  solid  Martian  surface  similar  to 
that  of  the  rough  surface  of  the  moon.  It  is  gratifying  to  find  independent 
support  from  Dr.  Menzel  for  this  ides  —  it  makes  <  a  majority  of  two  ». 

E.  J.  Opik  (40)  (44).  —  Oxygen  will  escape  more  efficiently  on  the 
ionized  state  and  its  lifetime  on  Mars  will  be  much  shorter  than  10*  years. 
CO  will  accumulate.  It  is  a  strong  radiator  and  will  completely  change  the 
radiative  and  photochemical  balance  of  the  Martian  upper  atmosphere. 

A.  Doixrcs  (41).  —  A  propos  de  la  variation  du  diamktre  de  Mars  en 
lumikre  bleue  et  rouge  et  aux  effets  de  I'atmosphkre  martienne  sur  la  mesure 
de  ce  diamktre,  je  peux  r^sumer  lee  mesures  microm^triques  trde  precises 
qui  ont  4td  r^lis^es  ces  demieres  ann^  h  I’Observatoire  du  Pic  du  Midi. 

Ces  mesures  mettent  k  profit  les  trois  oppositions  au  voisinage  du 
p4rih41ie  de  1964,  1956  et  1958.  Elies  mettent  k  profit  4galement  la  trks 
grande  sensibilitd  du  micrometre  birefringent  k  double  image  dAsrit  par 
I'auteur  en  1952. 

De  nombreuses  mesures  ont  6t6  reaUsdes  au  cours  des  trois  oppositions 
pi-ecedentes  successivement  ou  simultandment  par  MM.  Csmichel,  Focas 
et  I’auteur.  L’aocord  entre  les  mesures  des  diffdients  obeervateurs  ddpaaae 
rarement  0".04. 
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Lee  rteultate  dee  meeuree  du  diamdtrt)  ^uatorial  de  et  du  diamdtre 
polaire  dp  eont  lea  auivanta  : 


Aimee  !  de(orange)  dp(orange) 

1  1 

de(bleu) 

dp(bleu) 

j  ellipticite 

i 

1 

1954 '  0''41 

9"30 

9"38 

9"28 

0,0118 

k  1  U.A. 

1956 1  9"45 

9"35 

9"48 

9"38 

0,0117 

1958  i  9''41 

9"29 

9"45 

9"28 

0,0116 

Moyen - , - . - - - - 

nee  '  9"43  '  9"31  9"44  |  e"31  0,0117 


La  diaperaion  dee  ineeurea  en  orang4  eat  voisine  de  2,5  milli^mea  aeule- 
ment ;  la  pr^ciaion  eat  oelle  de  I'^talonnage  du  micrometre,  aoit  3  milliemea. 

On  ne  d^ceie  aucun  ^cart  aenaible  entre  lea  diainetree  meaur^a  en  bleu 
et  en  rouge  aux  regarda  de  la  diaperaion  dee  meaurea.  II  faut  d^duire  que  la 
difference  dee  rayona  pLmetairea  en  bleu  et  en  rouge  eat  inferieure  &  27  km. 
Par  conaequent  le  «  phenomene  de  Wright  »  n’exiate  pas.  Lea  voilea  bleua  de 
I'atmoaphere  ne  aauraient  done  etre  trde  abeorbants. 

La  correction  due  k  I’atmoaphere  au  bord  du  disque  a  etd  effectuee. 
Elle  vaut  environ  35  km.  On  trouve  finalement  pour  le  diam^tre  equatorial : 
6  790  km,  pour  le  diametre  polaire  :  6  710  ktn  et  pour  densite  ;  4,09. 

La  valeur  de  I’aplatiaaement  polaire  vaut  0,012  ;  il  ne  peut  etre  attribue 
4  I’atmoaphere,  maia  doit  provenir  de  la  surface  meme  de  la  planete.  L’apla* 
tiaaement  dynamique  donne  par  la  perturbation  aeculaire  dee  aatellitea 
vaut  0,0051  ;  il  eat  done  probable  que  la  constitution  interne  du  globe  doit 
etre  complexe. 

E.  J.  Opik  (42).  —  If  maximum  greenhouse  effect  is  considered,  shielding 
by  dust  (optical  thickness  0.25  to  0.5)  of  outgoing  and  incoming  radiation 
should  not  be  neglected. 

A.  Dolltos.  —  L’objet  de  ce  commentaire  est  de  presenter  le  travail . 
que  vient  d'achever  le  Dr.  O.  de  Mottoni  a  Genes  (Italie)  d'apres  I’etude  des 
oollections  de  cliches  de  la  planete  Mars  groupees  dans  le  Centre  de  Docu> 
mentation  de  I’Union  Astronomique  Internationale  k  Meudon. 

Le  Dr.  O.  de  Mottoni  o  extrait  260  cliches  de  Mars  obtenua  pendant 
I’opposition  periheiique  de  1956  aux  Observatoires  du  Pic  du  Midi,  de 
Johanneabuig,  de  Lick,  do  Bloomfountain,  de  Stalingrad,  de  Milan  Merate, 
de  Tokyo,  du  Mont  Wilson  et  de  Genes. 

Grace  k  cette  trls  iinportante  documentation,  le  Dr.  G.  de  Mottoni  a 
realise  par  le  dessin  neuf  grandee  cartes  planispheres  en  coordonnees  polaires 
oentrees  sur  le  pdle  Sud  martien.  Ces  cartes  decoupent  en  neuf  intervalles 
de  temps  la  periods  s’etendant  entre  le  15  juillet  et  le  15  octobre  1956.  La 
documentation  utilisee  provient  d’Observatoires  situes  sous  des  longitudes 
t«Teatres  diverses,  de  sorts  qu’il  devient  alors  possible  de  reoonstituer 
I’aspeot  de  la  planete  Mars  sous  preeque  toutes  ses  longitudes,  ptour  chaoune 
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dea  oartM  prtfoMentM.  Chaque  carte  eat  aeeompagn^  da  raproduotiona 
da  renaemble  dea  oliohda  photographiquea  qui  oat  sarvi  k  la  oonotituar ; 
oaa  cliche  aont  rang^  radialament  au  regard  de  la  longitude  oorreapondant 
k  leur  m^ridiana  centraux.  Gr&oe  k  ee  trim  groa  travail  de  deaain  at  de  photo* 
graphie,  partiouli^rement  aoign^,  on  peut  obaerver  imm^diatament  L>  poaition 
et  lea  ntouvementa  dea  difTdrenta  nuagee  port^  par  Tatmoaph^re  martienne. 
La  Dr.  Q.  de  Mottoni  a  cherchd  k  raoonatituer  revolution  dea  grandee  pertur- 
batiuna  anormalea  qui  ae  aont  d^veloppeea  dana  Tatmoaphera  martienne 
k  catte  periode.  En  particulier,  il  a  oonatatd  que  lea  granda  voilea  jaunea 
apparua  en  aoht  1966  ae  aont  produita  aimultaudment  et  independamment 
an  diirerenta  pointa  du  diaque  vera  la  latitude  — 50°  et  aemblent  avoir  auivi 
groaaierement  dea  trajeotoirea  apiraieea  dana  le  aena  dea  longitudea  oroiaaantea 
en  ae  rapproohant  de  I’equateur. 

Le  Dr.  O.  de  Mottoni  a  remis  nu  Cmtra  de  Documentation  plandtaire 
de  Meudon  lee  copiea  de  aon  travail  afln  de  lea  randre  diaponiblM  pour  la 
oonaultation. 


('art«>M  rti  roDnloiiiHH's  polairvn  <l<’  rhiMiiisplaTc  Sud  <!<'  la  plaiu'tt'  Mars 
an  moment  (i\i  devclopfa-meiit  <les  uratulM  iiiiap's  jaunes  appanis  en  septem- 
bre  1956  et  montrant  lY-volution  ile  ceux-ci. 


46.  —  A  SEARCH  FOR  PERIODICITY  IN  THE  THICKNESS 
OP  JUPITER’S  N.  E.  B.  (•) 


R0HAI.D0  ROO£RIO  dx  FREITAS  MOURAO 
National  Obaervatory  of  Rio  de  Janeiro,  BreaU 

A  difltinotive  feature  of  Jupiter’s  surface  is  a  number  of  light 
and  dark  belts  where  striking,  easily  observable  changes  will 
occur.  Doubtless  the  activity  of  those  belts  is  closely  bound  up 
with  changes  occurring  in  the  higher  layers  of  the  planet’s  atmos¬ 
phere  which  alone  are  open  to  optical  observation. 

A  detailed  study  of  those  belts  is  therefore  requisite  for  any 
theoretical  approach  of  Jupiter’s  atmosphere. 

Each  belt  displays  as  a  whole  two  characteristics,  intrinsio 
factors  —  its  mean  zenocentric  latitude  and  its  thickness.  Either 
factor  allows  of  raicrometric  measurement,  an  operation  which 
—  with  due  allowance  for  its  incidental  inaccuracies  —  provides 
indexes  for  the  activity  of  the  belts  no  less  than  for  the  irregularities 
of  colour  and  aspect. 

Analyses  of  zenograpbic  latitude  variations  of  the  belts  were 
carried  out  in  1954  by  E.  Schoenberg  and  W.  D.  Heintz  (*),  who 
considered  the  mean  latitude  of  every  individual  belt  on  the 
planet.  Those  authors  have  found  a  striking  periodicity  to  occur 
exclusively  in  the  belts  N.  T.  B.  and  S.  E.  B.,  the  periods  varying 
around  11  years. 

However,  a  study  of  the  belts  from  the  thickness  viewpoint 
would  certainly  prove  a  sounder  and  closer  approach  of  their 
activity,  and,  consequently,  of  that  of  the  higher  layers  of  the 
planet’s  atmosphere. 

For  the  analysis  of  thickness  variations  we  have  drawn  on  the 
observations  carried  out  over  the  past  60  years.  A  study  of  these 
variations  has  shown  the  most  striking  ones  to  occur  in  the  N.  E.  B. 

(*)  This  work  was  sponsored  by  the  National  Reaearoh  CounoQ  of 
Brazil. 
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Fig.  1 


Fig.  2 


The  enclosed  Table  presents  the  values  obtained  for  the  Northern 
and  Southern  parts  and  their  difference  or  thickness  of  belt,  includ¬ 
ing  bibliograiical  reference.  A  graph  covering  these  observations 
suggested  to  us  a  period  of  4  and  6  years.  By  approaching  these 
values  through  the  Schuster- Whittaker  (^®)  research  method  we 
have  obtained  the  periodograms  in  figs.  1  and  2  that  suggest  the 
existence  of  a  period  of  4.5  yearns. 
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A  harmonic  analysis  brought  us  to  the  following  analytic 
formula  for  the  N.  E.  B.  thickness  variation  over  a  period  of 
4.5  years  : 

T  =  9®87  —  1*03  cos  u  —  cos  2u  —  0°44  cos  3m 
-f  0®04  sen  u  —  0“03  sen  2m  —  0®10  sen  3m 
u  =  800  (t  —  1916.96) 
where  t  is  reckoned  in  calendar  years. 

A  graphic  representation  of  this  function  with  the  mean 
values  can  be  seen  in  Fig.  3. 
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18.6 

i  7.6 

10.9 

»  (•) 

29.18 

20.3 

7.7 

12.6 

»  (•) 

28.86 

16.6 

7.3 

9.3 

»  (•) 

30.77 

14.2 

7.0 

7.2 

Peck  (•) 

30.83 

14.5 

6.4 

8.1 

Phillips  (') 

31.17 

15.4 

6.6 

8.8 

*  (•) 
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N.E.B., 

N.  E.  B., 

D 

Observers 

31.16 

14.0 

-  6.3 

8.7 

Kellsway  (’) 

31.50 

21.0 

6.3 

14.7 

Phillips  (’) 

32.50 

19.0 

6.6 

12.4 

*  (•) 

34.50 

14.0 

6.1 

7.9 

*  (•) 

35.50 

18.6 

6.4 

12.2 

•  (’) 

36.50 

19.6 

7.5 

12.1 

*  (•) 

37.50 

18.3 

4.5 

13.8 

»  (•) 

38.49 

14.1 

8.3 

5.8 

Peck  («) 

38.64 

10.4 

6.8 

9.6 

Phooaa  (*) 

38.79 

16.0 

7.3 

8.7 

Phillips  (*) 

38.92 

14.6 

8.0 

6.6 

»  {•) 

30.78 

16.3 

9.4 

6.9 

Phocas  {•) 

40.07 

14.0 

7.4 

6.6 

Peck  (•) 

42.08 

20.1 

7.1 

13.0 

*  (•) 

43.08 

20.2 

8.0 

12.2 

»  (•) 

44.11 

13.4 

7.4 

6.0 

*  (•) 

45.34 

19.4 

9.0 

10.4 

»  (•) 

46.23 

19.9 

8.7 

11.2 

»  (•) 

47.43 

19.5 

6.8 

12.7 

*  {•) 

40.50 

17.9 

7.0 

10.9 

»  (’) 

51.50 

14.9 

7.5 

7.4 

Ruggieri  (») 

52.84 

14.5 

7.0 

7.4 

Reesi  (*) 

52.95 

14.4 

7.1 

7.3 

Ruggieri  (') 

54.08 

18.0 

6.0 

12.6 

»  (•) 

56.21 

12.0 

6.2 

5.8 

Gragg  (») 

57.27 

14.9 

4.1 

10.8 

Johnson-Reese  (*) 

.27 

14.0 

7.6 

6.5 

Dall’Olrao  (•) 

58.22 

13.7 

6.3 

7.4 

Botham  (') 

34 

17.0 

4.4 

12.6 

Dall'Olmo  (*) 

38 

16.2 

6.2 

10.0 

Eastman  (*) 

48 

19.8 

5.2 

14.6 

Newman-Reeee  (*) 

50 

19.5 

7.9 

11.6 

Richerds  (*) 

59.59 

17.9 

7.6 

10.3 

Mour&o  (’) 

60.52 

20.0 

8.8 

11.8 

*  (•) 

61.64 

15.0 

8.6 

7.4 

Mour&o,  Mourilhe,  Rooha 
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46.  -  L’ANNEAU  DE  COMfiTES 
ET  DE  meteorites  CEINTURANT  JUPITER 

S.  K.  VSESSVIATSKY 
Universiti  de  Kiev,  U.  R.  S,  S. 

Les  observations  optiqucs  dea  planetes  telles  que  Jupiter, 
Satume  et  leurs  satellites  montrent  que  des  processus  4rupti& 
ou  de  caractere  voloanique  se  produisent  sur  ces  corps  celestes 
(lea  t&ches  blanches,  la  tache  rouge,  les  voloans  de  Reese,  les 
changements  sur  les  surfaces  des  satellites  etc.).  Cela  se  confirme 
aussi  par  les  4clats  de  radio-emission,  li^  aux  regions  actives  de 
Jupiter. 

L’existence  des  comrtes  k  courte  periode  avec  leur  origine 
recente  et  leur  mouvement  planetaire  montre  que  les  Ejections 
de  la  matiere  ni^teorique  et  des  glaces  s’operent  de  nos  jours,  dans 
les  systemes  de  Ju]>iter  et  de  Satume.  Les  masses  de  la  matifere 
^jectee,  avec  des  vitesses  moins  grandes  que  cedes  qui  produisent 
les  cometes  et  les  corps  m^t^riques  aux  orbites  h^liocentriques. 
n’auront  j)as  la  possibilite  de  quitter  la  sphere  de  gravitation  et 
doivent  former  le  systeme  des  satellites.  On  doit  done  s’attendre  4 
la  naissance  des  anneaux,  composes  de  fragments  cometes-m^t^o- 
rites,  de  particules  de  cendre  et  de  gaz,  circulant  dsns  le  plan  de 
r^quateur  de  la  planete.  D’accord  avec  les  particularity  de  leur 
structure  et  de  leur  spectre,  les  anneaux  de  Satume  seraient  de 
telle  nature. 

Les  observations  des  aimeaux  de  Satume  montrent  de  nom- 
breux  changements  (les  apparitions  et  les  disparitions  des  divisions 
et  des  condensations  claires,  la  luminescence  au  bord  de  I’anneau  A, 
le  changement  de  I’yiat  de  Tanneau  C,  etc.)  (>)  qui  nous  indiquent 
que  revolution  est  rapide  et  qu’une  activity  existe  encore  de  nos 
jours.  Les  faits  des  observations  dementent  I’opinion  que  les  masses 
^jectees  ne  peuvent  pas  acqu4rir  le  moment  angulaire  exigd.  Ici, 
on  neglige  les  Ejections  des  satellites,  I’influenoe  du  champ  magn^- 
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tique  de  la  plan^te,  les  chocs  mutuels  des  fragments,  I’influenoe  de 
I’anneau  qui  existe  d^j4, 1’influenoe  des  satellites  et  d’autres  effets. 
Non  seulement  I’anneau  de  Satume  parle  en  faveur  de  cela,  mais 
aussi  I’existenoe  de  I’aimeau  des  particules  autour  de  la  Terre,  les 
anneaux  de  gaz  autoiir  de  beauooup  d’etoiles  non  stationnaires. 

Se  basant  sur  les  donn6e8  obtenues  par  0.  Struve  (*)  et  sur 
les  observations  faites  plus  tard,  on  a  obtenu  I’indioation  que  la 
ligne  moyenne  des  anneaux  s’est  approoh4e  de  9  mille  kilometres 
vers  la  surface  de  la  planete  (0,15  du  rayon  de  la  planete).  Si  cela 
correspond  au  centre  de  la  distribution  des  masses,  nous  obtenons 
que  la  diminution  de  I’^nergie  mecanique  globale  de  I'anneau  est  de 
10**  ergs.  L’^nergie  a  du  se  d^penser  vu  les  chocs  mutuels  dee 
fragments  de  I’anneau  et  la  resistance  du  milieu  de  gaz. 

A  la  lumiere  de  ces  donnees,  I’existence  de  I’anneau  cometes- 
meteoritcs,  ceinturant  Jupiter,  parait  bien  probable.  En  vertu 
de  cela,  on  a  examine  de  nombreux  dessins  de  Jupiter  et  on  a  fait 
attention  4  I’aspect  et  aux  particularites  de  la  bande  equatoriale 
situee  habittjellement  au  milieu  de  la  zone  equatoriale  claire  de  la 
planete.  I^a  bande  equatoriale  a  et6  enregistree  par  les  observateurs 
d4j4  des  le  milieu  du  siecle  pass^.  Les  series  des  observations  Lohse, 
Flammarion,  Nijland,  des  membres  de  I’Association  astronomique 
de  la  Grande-Bretagne  et  d’autres,  obtenues  au  cours  de  plus  de 
80  ans,  ont  indique  que  les  periodes  de  visibility  stable  de  la  bande 
correspondent  au  temps  de  la  latitude  zenographique  maximale 
du  Soleil  (Dc)  et  de  la  Terre  (Dt).  Cela  r^pond  4  la  supposition 
que  la  bande  equatoriale  de  Jupiter  est  I’ombre  de  I’anneau  ceintu¬ 
rant  la  planete.  Une  telle  conclusion  est  confirmye  par  I’examen 
de  la  position  de  la  bande  sur  le  disque  et  par  sa  structure  non 
homogene  pendant  les  pyriodes  proches  aux  petits  Dc.  D’aprfes 
les  dessins  Lohse,  Nijland,  des  observateurs  BAA  et  d’autres,  ainsi 
que  d’aprfes  les  photographies  obtenues  au  telescope  Mount  Wilson, 
on  a  determine  les  positions  de  la  bande  relativement  au  centre 
du  disque  (a).  Ces  positions  ont  ety  comparyes  aux  valeurs  Dc. 
Une  dypendence  certaine  a  yte  ytablie  :  a  =  k  Dc  ;  les  valeurs 
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k  =  —1.38  ±  0,27  et  k  =»  —  1,50  ±  0,3,  dependent  de  di£f4rent8 
prooM^s  de  i^solut'on  des  ^uations. 

Male  une  liaison  semblable  doit  avoir  lieu  au  oas  ob  I’oinbre 
I’anneau  est  situ6e  dans  le  plan  de  I’^quateur  de  la  planete. 

Les  valeurs  a  et  les  Evaluations  de  la  largeur  de  la  bande 
Equatoriale  (=  2o,  en  oas  de  Do  =  3°)  donnent  la  hauteur  de 
I’anneau  en  limites  1,4  —'1,0  du  rayon  du  Jupiter  ;  le  bord  intErieiur 
de  I’anneau  est  4  la  hauteur  0,6  —  0,3  du  rayon. 

Les  observations  aveo  des  grands  tElesoopes  peuvent  confirmer 
I’existence  de  Tanneau  hypothEtique  de  Jupiter.  II  nous  parait 
que  oe  problEme  pent  Etre  rEsolu  4  I’aide  de  trois  prooEdEs  :  1.  II 
faut  Evaluer  la  position  et  la  largeur  de  la  bande  Equatoriale  ;  2.  il 
faut  Etablir  I’existenoe  des  anses  de  Tanneau  —  dans  des  conditions 
analogues  elles  sont  aussi  invisibles  comme  oelles  de  Satume  (petits 
Do  et  Dt)  ;  3.  iJ  faut  Evaluer  les  vitesses  de  rotation  des  dEtails  de 
la  bande  Equatoriale  dont  on  n'sper(oit  souvent  que  des  fragments. 
Si  la  bande  Equatoriale  est  Tombre,  la  vitesse  angulaire  doit  Etre 
1,6  —  2  fois  plus  grande  que  oeUe  des  dEtails  du  disque. 

La  oomparaison  du  noircissement  de  Tombre  de  Tanneau  de 
Satiume  au  moment  de  sa  disparition  et  de  la  bande  Equatoriale 
de  Jupiter  montre  que  TEclat  dee  anses  de  I'anneau  de  Jupiter 
peut  Etre  quelques  dizaines  de  fois  moins  grand  que  I'Eolat  des  anses 
de  Satume  dans  dee  conditions  analogues. 

REFERENCES 

(*)  Rev.  T.  E.  R.  Pbiujps,  M.  N.,  69,  39,  1908. 

E.  E.  Barnabd,  M.  N.,  69,  621,  1909. 

(')  O.  Stbuvs,  13,  22,  1862. 
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47.  —  A  PRELIMINARY  SEARCH  FOR  SHORT-PERIOD  H(a) 
ACTIVITY  FROM  THE  PLANET  JUPITER,  DURING  THE 
APPARITION  OF  1960 


J.  V.  JELLEY  (•) 
and  A,  D.  PETFORD 
Tht  Vnimr$ity  Obtervatory,  Ostford,  England 

1.  iNTEODUCnON 

The  purpose  of  this  contribution  is  to  describe  a  simple  experi¬ 
ment,  oarried  out  during  the  summer  of  1960  at  the  University 
Observatory,  Oxford,  to  seahih  for  possible  short-lived  H(a) 
activity  from  the  planet  Jupiter  which,  it  was  then  thought,  might 
occur  during  the  sporadic  and  intense  decameter  radio  storms. 
The  observatory’s  12-inch  refiraotor  was  kindly  put  at  our  disposal 
by  Professor  H.  H.  Plaskett,  and  the  experiment  was  supported 
by  Sir  Basil  Schonland  and  Dr.  E.  Bretscher  of  A.E.R.E.,  Harwell. 

It  is  essential  for  us  to  emphasize  that  this  experiment  was 
conceived  and  carried  out  at  a  time  when  it  was  felt  that  any 
possible  optical  activity  on  the  planet  associated  with  the  decametre 
radio  storms,  might  also  possess  the  violent  burst  features  charac¬ 
teristic  of  the  radio  emissions.  We  thus  had  in  mind  the  catastrophic 
phenomena  which  had  been  proposed,  namely  electrical  dis¬ 
charges  (*),  chemical  explosions  (*)  and  volcanic  activity  (*).  It  was 
with  these  considerations  that  the  experimental  technique  was 
geared  to  look  only  for  short-period  activity,  with  time  structure 
comparable  with  that  familiar  to  the  radio  observers,  namely 
10  m.  sec  to  1  sec. 

However,  during  the  last  two  years,  as  a  result  of  the  more 
recent  work,  particularly  by  the  groups  at  Bovilder  (*),  Florida  (‘) 
and  Yale  (*),  together  with  increased  knowledge  of  the  shorter 

(*)  Nuclear  Physios  Division,  Atomic  Energy  Research  Establishment, 
Harwell,  Berks. 
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Fig.  1.  —  The  Optical  Syatetn,  ahowing  the  n—nntiiil  oomponeote  with  their  aaaooiated  efiSoieocy  factors. 


wavelength  decimetre  radiation  it  would  seem  more  likely 
that  the  radio  phenomena  are  associated  with  the  motion  of  par¬ 
ticles  in  a  magnetic  field.  It  would  thus  now  appear  more  fruitful 
to  look  for  phenomena  auroral-like  rather  than  discharge-like  in 
character,  occuring  perhaps  in  regions  of  very  low  gas  density  and 
at  a  considerable  altitude  above  the  planet’s  visible  cloud  surface. 

2.  Technique 
Optica 

The  essential  features  of  the  two-channel  photometer  head 
used  in  these  experiments  is  shown  in  Figure  1.  Light  from  the 
planet’s  1  mm  diameter  image  at  D  is  passed  to  a  red-sensitive 
EMI-Type  9558  phototube  Pg  (S.20  response)  after  passing  through 
a  20  A-wide  H(a)  interference  filter  Fg,  which  could  be  oriented 
for  tuning  purposes.  A  better-than  15/1  scintillation  compensation 
was  achieved  by  electronically  comparing  the  signal  in  Pg  with 
that  from  a  second  tube  Pg  which  sampled  a  700  A-wide  slice 
of  the  spectrum  for  reference  purposes,  the  centre  of  gravity  of  the 
effective  response  of  this  channel  falling  close  to  the  H(a)  wave¬ 
length,  see  Figure  2. 

The  1  mm  diameter  primary  image  of  the  planet  was  guided 
manually  by  the  tilting  plate  $,  within  the  field  of  view  of  an  iris 
diaphragm  D  (adjusted  to  approx,  a  diameter  of  3  mm),  by  means 
of  the  microscope  E  and  an  unsilvered  glass  plate  G. 

Initially  a  second  interference  filter  Fg  was  used  in  the  refe¬ 
rence  channel,  though  this  was  later  replaced  by  a  gelatin  Wratten 
filter  No.  29.  With  this  second  arrangement  it  was  found  that  when 
the  two  channels  were  set  up  so  that  the  phototube  collector 
currents  were  the  same,  the  photoelectron  statistical  fiuctuations 
were  also  equalised.  With  the  beam  splitter  S  having  a  fixed  division 
of  the  light  flux,  approx.  48  %  in  each  arm,  this  condition  of  equal¬ 
ised  photoelectron  noise  fluctuations  leads  to  the  minimum  mu 
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noise  in  the  output  of  the  differential  amplifier,  this  noise-level  being 
then  ~  \/S  times  the  noise  in  either  channel  separately. 


Fig.  2.  —  Spectral  Distributions  and  Reepcmse  Curves. 

:  assumed  solar  spectrum  reflected  off  Jupiter  (Ref  17,  page  140). 

T| ;  photooathode  quantum  efficiency  (EMI  data). 

Electronics 

The  outputs  of  the  two  phototubes  pass  through  integrating 
networks  and  D.  C.  amplifiers,  one  for  each  channel,  to  a  differen¬ 
tial  amplifier  whose  output  in  turn  was  fed  to  a  fast  electrolytio 
paper  recorder.  The  integrating  time-constants  were  adjustable 
between  16  m.  sec  and  D.  C.,  a  value  of  46  m.  sec  being  used  throu¬ 
ghout  the  experiment.  The  D.  C.  amplifiers  (Philbrick  Research 
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Type  K2-W)  had  feed-back  loops  giving  an  effective  gain  of  100. 
The  paper  recorder  responded  over  a  frequency  range  60  c.  p.  s.  to 
D.  C.  and  had  a  writing  speed  of  8  cm.  min~‘.  The  outputs  of  the 
single  channels  and  the  differential  amplifier  were  monitored  on 
meters,  and  the  overall  gains  of  the  two  channels  were  equalised 
prior  to  each  run  and  occasionally  during  the  runs. 


a 


Scintillation  compensation  and  filter  tuning 

Facsimile  tracings  of  recordings  are  shown  in  figure  3.  Under 
typical  observing  conditions,  the  scintillation  intensity  fluctuations 
observed  on  the  two  single  channels  are  shown  at  A  and  B  (of  ampli¬ 
tude  ~  15  %  peak  to  peak),  while,  with  both  channels  in  operation 
and  balanced,  the  compensated  output  appeared  as  at  C,  with  an 
r.  m.  s.  fluctuation  level  ±  1  %  of  the  mean  light  level. 


JUSITIA  scintillations 


SICNAL  channel 

:a) 


StnnCNCC  CHANNEL 

(B) 


10 


*0  SEC 


•oth  channels  1 1 

WITH  SCINTILLATION 
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(C.' 


M(«;  LINE  KPLECTEO 
OPP  PULL  MOON 


H(e()LINE  EEPLECTED  PROM 
CLEAR  RLUE  OAVLICHT  SKY 
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~r — I — I — T — \ — < — I — r-i  T  M - 

—  *09%  4  9  0  2 

FILTER  TUNING  OEGRCCS 


CALiRRATlON 
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(G; 


NORMAL  RUNNINO  CONOtTlONS 
RMS  NOISE  Mtl% 

"TV  iPNl'iP  i' U'iMi.in-^  w  ^  I 

CHART  SPEED  tCM/MIN 


Fig.  3.  —  Facsimile  tracings  of  recordings. 

A  &  B.  Single-chEumel  scintillation  fluctuations. 

C  Residual  fluctuations  with  scintillation  compensation. 

D  Filter  tuning  on  H(a)  line  reflected  off  full  Moon. 

E  Filter  tuning  on  H(a)  line  in  blue  day-light  sky. 

F  Csflibration  signals. 

O  Typical  record  on  normal  numiitg  conditions. 
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It  was  shown,  with  a  steady  light  source  adjusted  to  give  the 
same  collector  currents  as  pertained  to  runs  on  the  planet  itself, 
that  the  residual  noise  shown  at  C  was  dominantly  photoelectron 
fluctuation  noise  ;  it  thus  follows  that  the  scintillation  compensation 
improved  the  overall  limiting  sensitivity  under  the  conditions 
experienced  at  Oxford,  by  a  factor  well  in  excess  of  15.  The  impor¬ 
tance  of  scintillation  compensation  cannot  be  over-emphasised  in 
this  type  of  experiment,  for  we  see  from  tracings  A  and  B  that  the 
scintillations  had  components  in  just  the  frequency  regions  of 
interest,  that  is  if  we  believe  there  to  be  any  optical  activity  on  the 
planet  with  frequency  characteristics  reported  by  some  for  the 
radio  flne-structure  (**•  **)  i.  e.  up  into  the  millisecond  region. 

Record  G,  flgure  3  shows  a  typical  recording  for  2.5  mins, 
under  normal  conditions,  with  calibration  signals  at  F. 

The  H(x)  filter  was  « tuned »  by  three  methods.  (1)  With  a 
hydrogen  arc  lamp  and  collimator  attached  to  the  inside  of  the 
observatory  dome,  to  which  the  telescope  was  pointed,  (2)  on  the 
Fraunhofer  C-line,  in  light  reflected  from  the  full  Moon,  and  (3)  on 
the  same  line  reflected  from  clear  blue  daylight  sky.  Examples  of 
(2)  and  (3)  are  shown  at  D  and  E  respectively. 

2.  Observations  and  Results 

Recordings  with  the  above  equipment  were  made  on  14  occa¬ 
sions  between  June  19th-August  30th  (1960)  whenever  cloud  and 
seeing  conditions  permitted.  The  observations  (^*),  due  to  the  low 
altitude  and  the  proximity  of  buildings,  were  limited  to  ±  2  hours 
of  local  meridian  transit.  The  total  observing  time  was  28.5  hours, 
the  useful  observing  time  19.2  hours,  and  the  total  elapsed  time 
1728  hours  ;  this  represents  a  fractional  observing  time  of  only  1.1  % 
During  these  periods  no  H(a)  flaslies  or  short-term  flares  were 
observed  at  the  limiting  sensitivity  of  the  equipment  (see  below). 

Although  generous  assistance  was  provided  by  various  U.  S. 
radio  observatories,  in  an  attempt  to  correlate  our  observing  times 
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with  periods  of  observed  decametre  radio  activity,  difficulties  were 
caused  by  the  limited  periods  of  observations  each  side  the  local 
meridia  at  the  radio  sites,  and  also  by  the  differences  between  the 
terrestial  longitudes  of  Oxford  and  these  same  radio  observatories. 
The  essential  points  are  tabulated  below  ;  — 


I 

station  |  Boulder  Florida  Yale 

I  (Colorado)  (Chile  Station)  (Connecticut) 


Assistance  from 

J.  VV.  Warwick 

A.  G.  Smith 

H.  J.  Smith 

Longitude  1 

loeovv 

70»W 

73<>W 

H.  Local  Meridian 

±  3  hrs. 

1 

'  4;  4  hrs  ( ±  Shrs) 

♦ 

Planet  active 

i 

i 

1 

1.2%  of  total 
time. 

5.9%  of  total 
time. 

1 

Poor  conditions 
(only  one  cer¬ 
tain  storm 
.  June  19th  to 
August  30th)  - 

Possibility  of  corre¬ 
lation  with  Oxford 
optical  observations. 

No  overlap  pos¬ 
sible  due  to  ter¬ 
restial  longitude 
differences. 

Overlap  possi¬ 
ble  ;  no  radio 
storms  occurred 
however  during 
the  Oxford  ob¬ 
serving  periods. 

Although  no  H((x)  bursts  were  observed,  it  cannot  be  concluded 
definitely  that  H(x)  activity  does  not  exist  coincident  with  the  radio 
storms,  at  the  intensity  levels  determined  by  the  existing  equipment. 
Nevertheless,  it  should  be  realised  that  recent  observations  in 
Australia  (^*)  reveal,  at  least  in  1962,  that  radio  storms  on  10  Mc/s 
have  been  observed  on  all  nights. 

3.  LiHiTiNa  Sensitivity 

The  threshold  sensitivity  is  calculated  as  follows  :  — 

If  AN  is  the  observed  r.  m.  s.  photoelectron  fluctuation  noise 
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from  the  output  of  the  difference  amplifier,  v]  the  photocathode 
quantum  efficiency  at  H(a),  e  the  overall  optical  efficiency  of  the 
atmosphere  and  all  components  of  the  optical  system,  and  A  is  the 
collecting  area  of  the  0.  G.,  then  the  minimum  detectable  H(a) 
flux  at  the  top  of  the  earth’s  atmosphere  will  be 

=  (AN/-/jeA)  photons/cm*  .  .  .  .  (i) 

for  a  light  flash  of  duration  ^  t,  the  integration  time  constant.  The 
minimum  detectable  H(a)  light  intensity,  at  the  surface  of  the 
planet,  will  then  be  : 

•^min  =  4  7t  photons . (ii) 

where  d  is  the  distance  of  the  planet  at  opposition. 


Numerical  estimates 


From  measured  phototube  collector  currents,  and  an  r.  m.  s. 
output  noise  of  ±  I  %,  AN  =  ±  163  photoelectrons  on  the  H(a) 
phototube,  for  t  =  45  m.  sec.  Allowing  \/2  for  the  reference 
channel,  AN  (effective)  =  ±  216  photoelectrons. 


A  =  700  cm*  (Oxford  12"  OGi. 
rt  =  0.05  Ref  (16),  150  |xA/lumen. 

T  =  0.045  sees. 

T  0.6  (60%,  Grubb  Parsons 
filter). 

Ax  =  20  A  (Grubb  Parsons  filter) 
c  SI  0.092  (see  right). 

With  these  figures  in  (i)  we  get  :  — 
^^mln  *“  photons /cm* 

and,  with  d  =  4.2  AU  (Ref  (17), 
p.  155) 

=  6.3  X  10'*cm,  from  (ii) 
Jmln  3.34  X  10*’  H(«)  photons 
=  1.02  X  10**  joules. 


Efficiency  estimates 
(see  figure  1). 

At  altitude  17®,  ref  (17),  p.  115, 
atmospheric  absorption  is  3.4  air 
masses.  At  0.21  mag/air  mass, 
ref  ( 17)  p.  1 16,  we  get 
((  =  0.53 

Xf  =  0.86  (45®  plate,  n  =  1.65) 
to  =  0.80  (estimated) 
tf  =  0.92  (4%  at  each  surface) 
t,  =  0.48  (Grubb  Parsons  data) 

C],  =  0.92  (4  %  at  each  surface) 

T|  =3  0.60  (Filter  data) 
t  (Total)  =  0.062 


For  «  flares  »,  of  ^duration  longer  than  the  time-constant,  i.  e. 
for  periods  ~  0.1  see.  to  >^3  min,  the  corresponding  raie  of 
light  emission  would  have  to  have  been  >  2.3  X  10“  vxUts  to 
have  been  detectable,  since  the  power  in  the  source  would  be 

^mln  ~ 
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4.  Future  plans 


An  experiment  of  a  different  1)^)6  has  been  planned  for  this 
summer’s  opposition  (1962)  which  will  be  carried  out  in  conjunction 
with  Dr.  D.  W.  Dewhirst  at  the  Observatories,  Cambridge,  Profes¬ 
sor  R.  0.  Redman  haring  generously  provided  the  facilities.  It  is 
now  planned  to  look  for  steady  H(a)  activity  of  an  auroral  character, 
assuming  this  to  be  formed  by  possible  Van  Allen  particles  inter¬ 
acting  either  with  the  upper  atmosphere  of  the  planet  or  an  exo¬ 
sphere,  if  such  exists  around  Jupiter.  With  these  considerations  in 
mind,  the  equipment  has  been  modified  for  off-limb  observations. 
It  consists  of  a  single  refrigerated  EMI  phototube  (12  photoelectrons 
seo"*  at  —  40®C),  a  light  chopper  switching  the  light  between  two 
interference  filters  at  1  o.  p.  s.,  and  photon-counting  electronics. 
A  siderostat  and  an//12  15"  0.  G.  will  form  the  basis  of  the  tele¬ 
scope. 
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48.  —  ON  THE  HYDRODYNAMICS  OF 
JUPITER’S  ATMOSPHERE 

R.  HIDE 

Masaachusetts  Institute  of  Technology, 
Cambridge  39,  Maaaachtiaetts,  U.  S.  A. 


I.  Introduction 

The  complete*  specification  of  any  hydrodynamical  system 
requires  a  knowledge  of  (a)  the  physical  properties  and  chemical 
composition  of  the  fiuid  one  is  dealing  with,  (b)  the  geometry  of  the 
system  and  (c)  the  nature  and  distribution  of  the  energy  sources. 
In  addition  is  required  (d)  the  ability  to  solve  the  mathematical 
equations  governing  the  system.  In  a  «  make-believe  *  world  where 
this  knowledge  and  ability  were  available,  observations  of  the 
flow  would  serve  merely  as  a  check  on  the  theoretical  calcu¬ 
lations. 

In  dealing  with  the  hydrodynamics  of  the  Earth’s  atmosphere, 
since  items  (a),  (b)  and  (c)  can  be  specified  more  or  less  precisely, 
the  most  serious  difficulties  are  encountered  under  item  (d).  Fortu¬ 
nately,  through  a  judicious  combination  of  observation  and  theory, 
significant  progress  in  dynamical  meteorology  has  been  made  in 
recent  years.  Owing  to  the  vast  complexity  of  the  problem,  this 
progress  has  been  slow,  not  always  sure,  and  much  remains  to  be 
done. 

In  the  case  of  Jupiter’s  atmosphere  the  situation  is  apparently 
much  worse,  since  its  physical  properties  and  chemical  composition 
are  by  no  means  certain,  its  depth  is  unknown  and  what  knowledge 
we  possess  about  energy  sources  is  incomplete.  In  the  absence  of  any 
redeeming  features,  such  as  some  significant  observational  clues, 
considerations  of  the  hydrodynamics  of  Jupiter’s  atmosphere  would 
be  inextricably  confined  to  the  realm  of  day-dream  and  speculation. 
Fortunately  such  clues  exist.  One  of  these  is  the  presence  of  a 
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strong  equatorial  current,  which  moves  relative  to  the  rest  of  the 
visible  surface  at  10*  cm/sec  in  an  eastward  direction  (■*).  Another 
—  and  the  one  that  we  shall  pursue  in  this  paper  —  is  the  presence 
of  the  Great  Red  Spot  (**). 

I  have  already  advanced  a  theory  of  the  Great  Red  Spot  (*) 
which  is  capable,  evidently,  of  accounting  in  a  fairly  unforced  way 
for  its  principal  properties.  In  what  follows,  the  essential  features 
of  the  theory,  in  its  original,  simplest,  form,  will  be  described  briefly, 
together  with  a  number  of  subsequent  developments.  These 
developments  have  led  not  only  to  further  insight  into  the  hydro¬ 
dynamics  of  Jupiter's  atmosphere,  but  also  give  rise  to  some 
interesting  speculations  with  regard  to  Jupiter’s  deep  interior.  The 
details  of  this  work  will  be  published  in  due  course. 

It  is  not  immediately  obvious  why  one  feature  —  albeit 
prominent  —  should  be  an  early  candidate  for  relatively  detailed 
scrutiny,  when  the  average  features  of  Jupiter’s  atmospheric 
motions  («  general  circulation »)  —  such  as  the  number  of  bands 
displayed  by  Jupiter’s  visible  surface  and  the  average  variation  of 
the  rotation  rate  with  latitude,  as  evinced  by  the  motion  of  markings 
on  that  surface  —  have  not  yet  been  satisfactorily  explained  (*). 
Perhaps  this  is  a  matter  of  personal  choice.  Certainly  it  is  my 
experience  with  this  and  other  work  (*)  that  an  indirect  approach 
to  problems  of  this  kind  can  often  lead  to  a  valuable  interplay 
between  theory,  experiment  and  observation  which  has  no  counter¬ 
part  in  the  direct  approach.  Thus,  while  one  of  the  ultimate  goals 
of  any  serious  study  of  the  hydrodynamics  of  Jupiter’s  atmosphere 
must  be  a  rational  theory  of  its  general  circulation,  this  ^problem 
is  not  the  central  one  of  this  paper. 

(*)  The  rotation  periods  of  Systems  I  and  II  are  9i>60'"30*.003  and 
9*66“40».632  respectively  (•). 

(**)  Spinrad  discovered  recently  (')  that  according  to  the  Doppler  shift 
of  ammonia  lines  in  Jupitw’s  spectrum,  the  material  giving  rise  to  these  lines 
rotates  westward  at  several  kilometres  per  second  relative  to  the  visible 
surface.  The  reconciliation  of  this  discovwy  with  other  observations  is  a 
challenging  problem  to  the  bydrodynamioist.  It  suggests  that  supersonic 
«  jet  streams  »  may  exist  in  Jupiter’s  atmosphere,  and  emphasises  the  need  for 
the  study  of  the  «  Spinrad  effect » as  a  function  of  latitude  and  time. 
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II.  Principal  propektibs  of  the  Great  Red  Spot 


The  principal  properties  of  the  Great  Red  Spot  may  be  sum¬ 
marized  as  follows  :  — 

(1)  Size,  position  and  form 

(2)  Uniqueness 

(3)  Long  enduring  character 

(4)  Extensive  motion  in  longitude 

(5)  Very  slight  motion  in  latitude 

(6)  Seeming  repui  'on  of  the  South  Equatorial  Belt  and 
presence  of  Red  Spot  Hollow 

(7)  Interaction  with  the  South  Tropical  Disturbance 

(8)  Association  with  other  features  of  Jupiter’s  visible  surface 

(9)  Contrast  and  colour 

This  list  is  based  on  Theodore  Phillips’s  article  on  Jupitor  in 
the  1929  edition  of  the  Encyclopaedia  Britannica  (*),  but  with  some 
modifications. 

Property  1  :  Size,  position  and  form.  The  mean  radius  Rq  of 
Jupiter  is  about  69,000  km.  The  Great  Red  Spot  is  elliptical  in 
shape,  having  its  long  axis  along  zenocentric  latitude  22*^,  and 
occupies  30®  of  longitude  and  10®  of  latitude.  Thus  it  is  some 
40,000  km  long  and  13,000  km  i»ide. 

Property  2  :  Uniqueness.  Perhaps  Phillips  excluded  this 
property  from  his  list  because  it  is  so  obvious.  It  is,  however,  a 
very  important  property  which  any  acceptable  theory  must  account 
for. 


Property  3  :  Long  enduring  character.  The  apparent  perma¬ 
nence  of  the  Great  Red  Spot  amongst  the  otherwise  ever-changing 
features  of  Jupiter’s  surface  of  dense  cloud  is  the  property  that  has 
proved  most  baffling,  and  which  has  led  to  some  weird  suggestions. 
There  is  positive  evidence  that  the  Spot  has  existed  since  1831,  and 
since  it  is  likely  that  the  spot  reported  by  Hooke  in  1664  (during 
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the  earliest  telesoopio  observations  of  Jupiter)  and  the  Great  Bed 
Spot  are  one  and  the  same,  the  age  of  the  Spot  is  certainly  greater 
than  130  years,  and  possibly  very  much  greater,  perhaps  by  many 
orders  of  magnitude.  _ 

Property  4  :  Extensive  motion  in  longitude.  The  mean  rotation 
period  of  Hooke’s  Spot  was  O"  55“  59*  in  1664-66  and  9“  55“  54* 
in  1666-72.  That  of  the  Great  Red  Spot  varied  irregularly  between 
9*  55“  31*  and  9“  55“  44*  during  the  interval  1831  to  1948  (*). 
The  longitude  of  the  Spot,  with  respect  to  System  II  (rotation 
period  9**  55“  40*.  632)  as  given  by  Smith  and  Carr  include  data 
for  the  past  ten  years  (’).  .\ecording  to  a  private  communication 
from  Peek,  the  mean  annual  jwriod  for  the  years  1950  to  1958 
inclusive  was  9*  55“  44*,  43*,  43*,  43*,  43*,  42*.5,  41*.5,  42*.5  and 
42*.  The  corresponding  amplitude  of  the  ifreg>ilar  drift  in  longitude 
implied  by  these  variable  periods  is  considerable,  amounting  to 
over  1000°.  Significant  accelerations  of  this  motion  in  longitude 
occurred  in  1880,  1910,  1926  and  1936. 

Property  5  :  Very  slight  motion  in  latitude.  In  contrast  to  the 
extensive  excursions  in  longitude  undergone  by  the  Great  Red  Spot, 
its  latitude  has  hardly  varied  at  all.  During  the  interval  1908  to 
1930  the  mean  latitude  of  the  «  centre  »  of  the  Spot  was  —  21.8°, 
the  maximum  departure  of  the  « centre  »  from  this  position  being 
only  1.5°,  although  in  1882,  one  measurement  gave  —  25.2°.  Since 
the  Spot  occupies  10°  of  latitude,  which  is  much  greater  than  these 
departures,  and  variations  in  the  appearance  of  the  Spot  must 
introduce  uncertainties  of  the  order  of  a  degree  in  locating  the 
latitude  of  its  «  centre  »,  there  is  no  clear  evidence  that  the  latitude 
of  the  Spot  has  changed  at  all. 

Property  6  ;  Seeming  repulsion  of  South  Equatorial  Belt  and  the 
presence  of  the  Red  Spot  Hollow.  In  longitudes  remote  from  the 
Great  Red  Spot,  the  southern  boundary  of  the  South  Equatorial 
Belt  is  located  several  degrees  south  of  the  northernmost  part  of 
the  Spot,  and  the  Spot  causes  an  indentation  in  this  boundary. 
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This  indentation  is  the  so-called  «  Red  Spot  Hollow  ».  Short-lived 
spots  in  the  South  Tropical  zone  tend  to  be  swept  around  the  Great 
Red  Spot,  skirting  round  its  northern  edge. 

Evidently  there  is  seldom  anything  equivalent  to  the  Red  Spot 
Hollow  on  the  southern  side  of  the  Spot,  and  any  successful  theory 
of  the  Great  Red  Spot  should  account  not  only  for  the  Red  Spot 
Hollow  but  also  for  the  striking  asymmetry  manifested  by  the 
absence  of  an  indentation  on  the  other  side  of  the  Spot. 

Properly  7  :  Interaction  with  the  South  Tropical  Disturbance. 
In  1901,  a  conspicuous  marking  arose  in  the  South  Tropical  Zone. 
It  occupied  the  whole  breadth  of  the  zone  and  some  tens  of  degrees 
of  longitude.  Its  rotation  period  was  somewhat  less  than  that  of  the 
Great  Red  SjK>t,  which  it  overtook  two  years  later.  Although  the  so- 
called  «  South  Tropical  Disturbance  » has  subsequently  disappeared 
and  then  reappeared  from  time  to  time,  it  seems  to  be  a  semi-per¬ 
manent  feature  of  Jupiter’s  visible  surface,  which  may,  according 
to  drawings,  have  been  present  as  early  as  1859.  Peek  (*)  has 
described  the  interaction  between  the  Great  Red  Spot  and  the  South 
Tropical  Disturbance,  his  account  being  based  on  observations 
covering  several  conjunctions.  There  is  evidence  that  the  S.T.D. 
propagates  from  one  end  of  the  G.R.S.  to  the  other  at  an  average 
speed  which,  is  up  to  ten  times  the  speed  at  which  it  approaches  and 
recedes  from  the  G.R.S. 

Property  8  ;  Association  with  other  features  of  Jupiter’s  visible 
surface.  This  is  a  somewhat  vague  property  which  Phillips  included 
in  his  list  (*).  Possible  features  which  may  turn  out  to  be  associated 
with  the  presence  of  the  Great  Red  Spot  are  the  tendency  for 
short-lived  spot  activity  to  be  a  maximum  between  5°S  and  35<*S, 
and  the  unsymmetrical  rotation  with  respect  to  the  equator  of  the 
visible  surface  of  the  planet.  In  1915,  for  example,  the  northern 
hemisphere  rotated  more  slowly  than  the  southern  hemisphere, 
average  rotation  periods  for  these  two  regions  (excluding  the  Equa¬ 
torial  Zone  with  its  much  shorter  period  of  rotation  (9"  50“  25»)  than 
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the  rest  of  the  planet)  being  9*>  56*"  42*  and  Q**  66*"  24*  respecti¬ 
vely. 

Several  years  ago  when  the  existing  evidence  suggested  to 
some  authors  that  intense  radio  bursts  from  Jupiter  might  be 
associated  with  the  Great  Red  Spot,  it  would  have  been  natural  to 
include  this  feature  here.  Now  that  we  have  more  information 
about  these  radio  bursts,  a  direct  connection  between  them  and  the 
Spot  is  no  longer  suspected  (’). 

Property  9  :  Contrast  and  Colour.  At  times  the  Great  Bed  Spot 
is  a  very  conspicuous  object,  contrasting  greatly  with  its  surround¬ 
ings.  On  occasions  when  the  outline  of  the  Spot  is  difficult  to 
discern,  the  position  of  the  Spot  is  evinced  by  the  Red  Spot  Hollow. 
Evidently,  although  there  have  been  occasions  when  either  the  Spot 
or  the  Hollow  is  invisible,  one  of  these  features  seems  always  to  be 
present  {•). 

The  Spot  was  described  as  «  brick  red  »  when  it  first  came  into 
prominence  in  1878  —  hence  its  name  —  and  there  is  spectroscopic 
evidence  that  the  Spot  is  generally  redder  than  its  surroundings. 
However,  there  have  been  occasions  when  observers  have  given 
its  colour  as  « faint  grey »,  and  others  when  the  Spot,  in  contrast 
writh  the  surrounding  regions  of  dense,  light  grey  cloud,  was  very 
dark,  having  no  cloud  over  it.  This  tendency  for  cloud  to  have 
difficulty  in  forming  over  the  Spot  is  noteworthy  and  may  be  signi¬ 
ficant. 


III.  Previous  theories  of  the  Great  Red  Spot 

There  have  been  no  previous  theories,  if  by  « theory  »  we  mean 
a  model  which  is  based  on  fewer  reasonable  ad  hoc  assumptions  than 
there  are  significant  facts  to  explain.  The  suggestion  that  the  Spot 
is  due  to  a  floating  solid  object  (a  raft)  seems  to  have  attracted 
most  attention  (*). 

Such  a  suggestion  can  obviously  account  for  Properties  1  and  3, 
although  the  chemical  composition  of  the  raft  has  not  been  specified. 
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This  is  not  a  trivial  objection  since  the  mean  density  of  Jupiter’s 
atmosphere  is  probably  much  less  than  that  of  nearly  all  known 
solids. 

The  supposition  that  the  object  is  floating  has  been  considered 
necessary  in  order  to  account  for  Property  4.  One  famous  textbook 
of  astronomy  states  effectively  that  this  property  demonstrates 
unequivocally  that  « the  Spot  cannot  be  rooted  in  anything  solid 
within  the  planet  »,  and  another  that  it «  shows  unquestionably  that 
the  Spot  is  floating  ».  There  are  at  least  two  logical  errors  in  the 
arguments  leading  to  this  conclusion.  First,  it  has  been  assumed 
(implicitly)  that  the  «  solid  planet  »  must  rotate  uniformly,  which, 
as  we  shall  show  later,  is  probably  untrue.  Secondly,  property  6  — 
very  slight  latitudinal  motion  of  the  Spot  —  does  not  find  a  natural 
explanation  in  terms  of  a  floating  object  unless  one  makes  addi¬ 
tional  assumptions  that  are  apparently  so  artificial  that  one  could 
only  consider  them  seriously  in  the  absence  of  any  reasonable 
alternative  approach  to  the  problem  (*). 

IV',  Jupiter’s  internai.  structure  and  rotation 

The  mean  density  po  of  Jupiter  is  1.34  gm  cm“*  (*).  Its  moment 
of  inertia  I,  about  the  rotation  axis  of  the  planet  is  given  by 

lo  =  I  Q’t  P»  Rj)  Ro  =  2.2  X  10«  gm  cm»  (1) 

where  sg  =  Ro  (—6-9  x  10*  cm)  is  the  mean  radius  of  the 

planet.  Since  ag  =  1  corresponds  a  homogeneous  distribution  of 
density,  Jupiter  is  centrally  condensed,  having  a  density  p  which 
is  a  generally  decreasing  function  of  r,  the  distance  from  the 
centre.  (The  corresponding  value  of  x,  for  the  Earth  is  0.84). 

Although  there  have  been  many  attempts  to  determine  the 
composition  and  internal  constitution  of  Jupiter  (*),  general 
agreement  has  not  yet  been  reached,  and  even  if  the  writer  were 
competent  to  do  so  it  would  take  us  too  far  from  the  main  theme 
of  this  paper  to  give  a  critical  discussion  here.  Without  being  too 
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precise  about  all  the  details,  we  shall  assume  here  that  Jupiter  is 
almost  spherically  symmetrical  and  consists  essentially  of  three 
regions,  namely  a  central  core  of  mean  radius  Rc  and  mean  density 
Pc ;  an  intermediate  region  which  we  term  «  mantle  »  of  mean  density 
p„  extending  out  to  a  mean  radial  distance  R„,  and  an  atmosphere 
of  mean  density  pa  surrounding  the  mantle  and  extending  somewhat 
beyond  the  visible  surface  of  the  planet,  mean  radius  R,. 

If  the  core  is  liquid  and  electrically  conducting,  then  this 
presumably  is  where  the  general  Jovian  magnetic  held  (^'*)  has  its 
origin,  the  most  likely  mechanism  being  a  «  homogeneous  dynamo  » 
type  of  process  (‘*),  involving  hydrodynamical  motions  in  the  core 
of  the  order  of  1  cm /sec. 

Properties  of  radio  bursts  on  decameter  wavelengths  from 
Jupiter  have  led  to  the  introduction  of  System  III,  which  rotates 
with  a  period  of  O'*  55®  29.37*  and  with  respect  to  which  the  general 
pattern  of  radio  burst  sources  has  moved  only  slightly  during  the 
past  decade  (*••  **),  variations  of  the  rotation  period  Pr  of  this 
pattern  amounting  to  no  more  than  about  0.5  sec.  It  is  likely  that 
irrespective  of  the  details  of  the  mechanism  responsible  for  the 
radio  bursts,  the  pattern  of  sources  is  related  to  the  form  of  the 
magnetic  field.  Hence,  if  Pc  is  the  instantaneous  (spatial)  average 
rotation  period  of  the  core,  then  Pc  =  Pr. 

Now  consider  the  rotation  period,  P,„,  of  the  mantle.  Hide  (‘) 
(Section  V  below)  has  suggested  that  the  Great  Red  Spot  is  due  to 
a  « topographical  feature  »  at  the  surface  of  the  « solid  planet » 
underlying  the  atmosphere  and  has  proposed  a  mechanism  by  means 
of  which  the  hydrodynamical  effects  of  this  « topographical  feature  » 
make  themselves  manifest  at  great  heights  in  the  atmosphere, 
thus  accounting  for  Properties  1  and  3  of  the  Spot.  On  this  model, 
the  motion  of  the  t  solid  planet  »  is  essentially  that  of  the  Great 
Red  Spot. 

We  shall  identify  the  «  mantle  »  of  the  present  model  with  the 
«  solid  planet »  of  reference  (^), «  solid » in  the  sense  that  any  internal 
motions  within  the  mantle  are  characterized  by  time  scales  of  the 
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order  of  the  age  of  the  Great  Red  Spot.  Thus  Properties  4  and  6 
imply  that  while  the  longitude  with  respect  to  its  mean  motion  of 
any  material  point  in  the  mantle  undergoes  extensive  changes, 
variations  in  latitude  are  slight. 

Because  of  the  tremendous  gyroscopic  stability  of  the  mantle, 
the  assumption  that  the  motion  of  the  Great  Red  Spot  is  that  of 
the  mantle  makes  it  }>ossible  to  reconcile  Properties  4  and  5  (^). 
From  the  observed  longitude  variations,  making  reasonable  assum¬ 
ptions  about  R„  and  p„,  it  is  jjossiblc  to  estimate  the  order  of 
magnitude  of  the  torque  C„  requiretl  to  accoimt  for  these  v^ariations. 
Assuming  that  torques  on  the  mantle  applied  about  an  axis  in  the 
equatorial  plane  are  no  stronger  than  it  is  a  sim]>le  matter  to 
show  that  resulting  variations  in  latitude  are  utterly  negligible  (‘). 

The  origin  of  these  torques  remains  to  be  accounted  for.  One 
suggestion  is  that  atmospheric  motions  may  be  responsible  (^). 
Certainly,  if  the  motions  of  the  visible  surface  are  characteristic  of 
the  flow  at  lower  levels  (see  Section  V’ll),  and  the  depth  (Rq  —  Rn*) 
cf  the  atmo8]there  is  greater  than  about  l,00o  km,  angular  momen¬ 
tum  variatitms  ui  the  atmiwjdxere  could  be  of  roughly  the  same  order 
of  magnitude  of  those  of  the  mantle,  even  if  Rc/Rp  ^  !•  One  diffi¬ 
culty  with  tliis  suggestion  is  that  unless  (R,,  —  Rr)  Rp,  it  is 
hard  to  account  for  the  energy  variations  of  the  mantle  without 
invoking  what  may  be  an  unrealistic  rate  of  energy  dissipation  in 
the  atmosphere.  Another  difficulty  is  the  striking  difference  between 
Pr  and  P„.  We  have  seen  that  over  the  decade  for  which  we  have 
information  on  radio  bursts,  Pjj,  the  rotation  period  of  the  radio¬ 
burst  source  jiattem,  and  hence  Pc,  has  remained  within  about 
0.5  sec.  of  9"  SS™  29.4*.  During  the  same  interval  of  time,  the 
rotation  period  of  the  Great  Red  Spot,  and  hence  P„,  behaved 
quite  differently  (see  Property  4,  Section  II).  Thus  the  suggestion 
that  angular  momentum  transfer  from  the  atmosphere  is  respon¬ 
sible  for  the  motion  of  the  mantle  requires  that  the  core  and 
mantle  should  be  weakly  coupled  mechanically.  This  is  unlikely 
unless  the  electrical  conductivity  of  the  lower  mantle  is  very  low 
indeed. 
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The  obvious  altemstive  possibility  as  to  the  origin  of  the 
torques  responsible  for  the  motion  of  the  mantle  is  that  they  arise 
in  the  core  (^**).  The  fact  that  under  plausible  assumptions  the 
transit  time  for  hydromagnetio  waves  to  cross  the  core  is  of  the  same 
order  of  magnitude  as  the  time  scale  of  the  longitudinal  motions  of 
the  Great  Red  Spot  suggests  that  the  mantle  and  core  undergo 
coupled  torsional  osciUations,  the  coupling  being  due  to  Jupiter’s 
general  poloidal  magnetic  field.  Presumably  the  hydrodynamical 
motions  in  the  core  which  are  responsible  for  the  magnetic  field 
can  excite  these  torsional  oscillations,  although  here  again  detailed 
calculations  are  needed. 

The  fact  that  has  varied  only  slightly  over  the  past  ten 
years  must  mean  that  the  time  scale  associated  with  hydrodyna¬ 
mical  motions  in  Jupiter’s  liquid  core  is  at  least  several  decades. 
When  as  a  result  of  further  radio-astronomical  observations  we 
know  how  P^^  varies  with  time,  it  will  be  possible  to  subject  some 
of  the  foregoing  suggestions  to  quantitative  tests.  Unfortunately 
if  the  behaviour  of  P^  over  the  past  ten  years  has  been  typical,  it 
may  be  several  decades  before  P^  has  changed  sufficiently  for  any 
definite  conclusions  to  be  reached. 

The  argument  that  since  there  is  as  yet  no  evidence  that  P^  has 
varied  significantly,  Pj^  must  be  the  rotation  period  of  the  « solid 
planet  »,  has  been  invoked  by  several  workers.  Although  properties 
of  Jupiter’s  interior  implied  by  this  seductively  direct  conclusion 
have  not  been  discussed  in  detai’,  it  seems  from  the  foregoing 
discussion  that  their  reconciliation  with  present  knowledge  about 
Jupiter  may  raise  difficulties  which  are  at  least  as  great  as,  and 
probably  much  greater  than,  those  associated  with  the  model 
adopted  in  this  paper. 

y .  t  Taylor  Ck)LUMRS  »  and  thb  nature  of  the  Great  Bed  Spot 

Simple  order  of  magnitude  arguments  applied  to  the  hydro- 
dynamical  equations  show  that  Coriolis  forces  due  to  Jupiter’s 
rotation  dominate  the  atmospheric  flow.  If  U  is  a  typical  horizontal 
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relative  flow  velocity,  L  a  horizontal  length  characteristic  of  the 
flow  pattern  and  O  is  the  basic  angular  velocity  of  rotation,  in  the 
absence  of  strong  frictional  eflects  the  extent  to  which  rotation 
dominates  the  hydrodynamical  flow  depends  on  the  Rossby 
number,  TJ/Lfl.  Taking  U=  10*  cm /sec  and  L  =  10*  cm  as 
typical  of  the  flow  in  the  neighbourhood  of  the  Red  Spot,  since 
O  =  1.7  X  10“*  rad/sec,  U/LQ  ~  10-*.  When  U/Lf2  <  1  and 
effects  due  to  density  inhomogeneities  can  be  ignored,  according  to 
a  theorem  due  to  Proudman  and  Taylor  (^*)  flows  which  do  not 
change  rapidly  with  time  (i.  e.  insignificant  changes  in  2  iz  j  Cl  sec.) 
tend  to  be  two-dimensional,  in  planes  perpendicular  to  the  axis  of 
rotation. 

If  the  Proudman-Taylor  theorem  holds  even  approximately  in 
Jupiter’s  atmosphere,  then  the  effect  on  the  atmospheric  circulation 
of  quite  a  shallow  «  topographical  feature  »  of  the  upper  surface  of 
the  mantle  would  be  attenuated  very  slowly  with  direction  parallel 
to  the  axis  of  rotation,  and  thus,  contrary  to  general  expectation, 
such  a  feature  could  make  its  presence  manifest  at  the  upper 
levels  of  quite  a  deep  atmosphere. 

Hide  (')  has  suggested  that  the  atmospheric  flow  would  be 
imable  to  surmount  a  « topographical  feature »,  irrespective  of 
whether  it  be  a  «  mountain »  or  a  « depression  »,  if  its  vertical 
dimension,  A,  exceeds  h  given,  on  certain  simplifying  assumptions,  by 
A  =  *(Ro-RJ(U/LQ),  (1)(*) 

where  k  is  a  pure  number  of  order  xmity,  (R#  —  R„)  being  the  depth 
of  the  atmosphere.  lAlien  this  criterion  is  satisfied  there  will  be  a 
column  of  fluid  stretching  from  the  « topographical  feature  »  at  the 
bottom  of  the  atmosphere  all  the  way  to  the  «  top  »  of  the  atmos¬ 
phere.  In  the  absence  of  internal  energy  sources  this  column  of 
fluid  will  be  stagnant,  partaking  only  of  the  motion  of  the  « topo¬ 
graphical  feature  »,  and  virtually  no  mixing  between  the  fluid 
within  the  column  and  that  without  will  occur. 

(*)  Equation  (1)  does  not  hold  when  A  is  so  small  that  (notion  is  no 
longer  negligible  (see  Section  VIl). 
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Effects  of  this  kind  were  predicted  and  demonstrated  experi¬ 
mentally  many  years  ago  by  Taylor  (‘®),  whose  qualitative  exper¬ 
iments  have  since  been  repeated  by  others  (^*).  Ibbetson  is  now 
carrying  out  quantitative  experiments  to  test  Hide’s  criterion  for 
the  occurrence  of  « Taylor  columns*  (see  equation  (1)).  In  these 
experiments  « Taylor  columns  *  are  produced  by  towing  a  solid 
object,  of  height  h,  horizontally  across  a  cylindrical  tank  of  water 
of  uniform  depth  which  rotates  about  a  vertical  axis. 

SinceU/Lfis:  10'*forJupitei,  by  equation  (1)  As:  10~*(Ro— Rm) 
The  depth  (R#  --  R„)  of  Jupiter’s  atmosphere  is  not  known.  If  we 
postulate  that  the  Great  Red  Spot  is  simply  the  top  of  a  «  Taylor 
column  »  (')  and  accept  for  the  moment  the  simplest  form  of  the 
theory  based  on  the  highly  idealized  atmosphere  assumed  above 
(homogeneous  density,  etc. )  then  the  column  would  be  parallel  to 
the  axis  of  rotation.  Thus  the  «  topographical  feature  »  responsible 
for  the  «  Taylor  column  ♦  will  be  located  at  a  lower  latitude  than  the 
Spot.  A  simple  geometrical  construction  serves  to  show  that  this 
sets  an  upper  limit  on  (R#  —  R„),  which  amounts  to  about  O.04  Rj, 
or  2800  km.  Whether  this  upper  limit  is  significant  will  depend  on 
the  results  of  a  detailed  evaluation  of  the  assumptions  which 
underlie  it.  It  is  much  less  than  the  value  of  (Rj  —  R*)  assumed  in 
reference  ("),  based  on  an  old  model  of  Jupiter’s  internal  constitu¬ 
tion.  On  the  other  hand,  it  is  comparable  with,  or  somewhat  greater 
than  some  of  the  values  of  (R,  —  R„)  which  have  been  suggested 
more  recently.  If  we  take  (R^  —  R,*)  =  1000  km  then  A  =;  1  km. 
Although  geometrically  this  is  a  very  shallow  feature,  the  mecha¬ 
nical  stresses  in  the  mantle  associated  with  such  a  « topographical 
feature  »  might  be  as  high  as  10*  or  10*  dync/cm*.  If  this  «  feature  » 
cannot  be  supported  elastically,  it  may  be  necessary  to  invoke  slow 
convection  in  the  mantle  to  account  for  it,  in  which  case  the 
coefficient  of  viscosity  of  the  mantle  material  must  exceed  about 
10**  gm  cm-*  sec-*  (*). 

In  order  to  account  for  Property  1  (see  Section  II)  it  is  neces¬ 
sary  to  postulate  that  the  size,  position  and  form  of  the  Great  Red 
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Spot  are  more  ov  less  directly  related  to  size,  position  and  form 
of  the  «  topographical  feature  ».  If  the  «  Taylor  column  »  is  parallel 
to  the  rotation  axis  then  not  only  is  the  «  topographical  featiu^  » 
located  at  lower  latitudes  than  the  Spot,  but  the  former  is  more 
nearly  circular  than  the  latter. 

Now  consider  the  uniqueness  of  the  Great  Red  Spot  (Property  2 
—  see  Section  II).  Equation  (1)  shows  that  A  is  inversely  propor¬ 
tional  to  L,  and  since  we  identify  L  with  the  horizontal  dimension 
of  a  « topographical  feature »,  it  is  clear  that  unless  we  make  a 
priori  highly  unacceptable  assumptions  about  the  relationship 
between  h  and  L  for  the  topographic  structure  of  the  mantle-atmo¬ 
sphere  interface  (e.  g.  h  inversely  proportional  to  L),  there  is  a 
highly  selective  effect  in  which  only  large  horizontal  scale  features 
can  produce  *  Taylor  columns  *.  The  fact  that  on  the  present  theory 
only  one  «  Taylor  column  ♦  has  had  a  more  or  'ess  continuous  exis¬ 
tence  over  the  past  few  hundred  years  suggests  that  the  dimensions 
of  the  « topographical  featuiv  ♦  responsible  for  the  Great  Red  Spot 
are  close  to  the  critical  value,  so  that  smaller  <  topographical 
features  »  would  be  incapable  of  ]m>ducing  ])ersistent  effects  at  the 
level  of  the  visible  surface  of  the  ]>lanet  (*).  Although  these  argum¬ 
ents  do  not  account  completely  for  the  uniqueness  of  the  Great 
Red  8{K)t  they  suggest  a  ])lau8ible  explanation  which  could  be 
quite  consistent  with  a  nuintle-atmosphere  interface  which  is 
topographically  complicated  (‘). 

VI.  Flow  around  the  Great  Red  Spot 

The  tendency  for  short  lived  spots  in  the  South  Tropical  zone 
to  pass  around  the  Great  Red  Spot,  thus  avoiding  the  Spot  itself 
(see  Property  6,  Section  II),  are  accounted  for  in  an  obvious  way 
in  terms  of  a  «  Taylor  column  ». 

Although  there  have  been  some  suggested  explanations  of  the 
colouring  of  Jupiter  (*•  **),  no  general  agreement  has  been  'reached  on 
this  matter.  Whatever  the  correct  explanation  turns  out  to  be,  the 
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floutrast  between  the  Great  Bed  Spot  and  its  surroundings  (see 
Property  9)  presumably  implies  that  there  is  little  mixing  between 
the  Spot  and  its  environment,  since  molecular  diffusion  would  be 
negligible  over  such  tremendous  distances.  This  is  in  accord  with 
the  «  Taylor  column  »  model. 

It  is  tempting  to  suggest  that  the  tendency  for  cloud  to  have 
difficulty  in  forming  over  the  Great  Red  Spot  (see  Property  9)  is 
direct  evidence  for  a  stagnant  region  underl3ring  the  Spot,  indi¬ 
cating  a  «  Taylor  column  »  possessing  no  internal  energy  sources. 
However,  according  to  some  authors  (**),  motions  within  the  Spot 
have  been  seen  occasionally,  impl3ring  that  energy  sources  may 
exist  either  within  the  «  Taylor  column  >,  or  at  its  base  (*). 

Now  consider  the  formation  of  the  Red  Spot  Hollow,  and 
the  characteristic  as3rmmetry  manifested  by  the  absence  of  a 
comparable  indentation  on  the  other  side  of  the  Spot  (see  Property  6, 
Section  II).  This  property  suggests  that  the  dow  around  the 
«  Taylor  column  »  is  approximately  laminar  on  the  equatorward 
side  and  turbulent  on  the  other  side.  (This  turbulence  may  account 
for  the  tendency  for  short-lived  spot  activity  to  be  a  maximum 
between  5®S  and  35°S  (see  Property  8).)  The  flow  outside  the 
«  Taylor  column  *  in  the  experiments  referred  to  in  Section  V  exhi¬ 
bits  a  distinct  asymmetry  resembling  in  a  striking  way  the  appea¬ 
rance  of  the  Great  Red  Spot. 

Simple  theoretical  arguments  based  on  vorticity  considerations 
suggest  that  the  effects  of  the  curvature  of  the  planet  on  the  flow 
around  the  «  Taylor  column  » in  Jupiter’s  atmosphere  (in  meteoro¬ 
logical  parlance  ^-effects,  ^  denoting  the  variation  with  latitude 
of  the  vertical  component  of  the  basic  rotation  vector)  should  not 
introduce  any  gross  asymmetry  into  the  flow,  so  that  experiments 
in  which  curvature  effects  are  absent  may  have  some  relevance. 
Further  experimental  and  theoretical  work  is  obviously  needed,  of 
comae,  and  this  will  be  carried  out  as  part  of  the  programme  now  in 
progress. 
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VII.  CBmQus  or  sucplsst  model 


By  invoking  the  presence  of  a  « Taylor  column  »  in  Jupiter’s 
atmosphere  we  have  been  able  to  account  for  most  of  the  properties 
of  the  Great  Red  Spot.  This  does  not  prove  that  a  «  Taylor  column  » 
exists  there,  so  that  we  must  examine  quantitatively  the  assump¬ 
tions  under  which  the  arguments  of  Section  VI  can  be  expected  to 
hold. 

These  assumptions  are  essentially  that  : 

(a)  the  atmosphere  is  in  motion  near  the  mantle-atmosphere 
interface  ;  otherwise  there  would  be  no  interaction  with  a 
« topographical  feature  »  ; 

(b)  the  flow  can  be  regarded  as  slow  and  steady  ; 

(c)  primary  effects  of  friction  can  be  ignored  ; 

(d)  the  fluid  can  be  regarded  as  homogeneous ; 

(e)  the  fluid  can  be  regarded  as  incompressible. 

In  addition,  we  must  assess  : 

(f)  the  effect  of  the  curvature  of  the  planet  on  the  conditions 
for  « Taylor  columns  *  to  arise. 

We  have  no  direct  evidence  with  regard  to  (a).  Stommel  and 
Verunis  (‘^)  have  studied  steady  convective  motion  in  a  stably 
stratified  fluid  subject  to  horizontal  temperature  variations  over 
the  upper  surface,  when  rotation  and  curvature  effects  are  present, 
and  thus  deduced  the  depth  to  which  the  motions  generated  near 
the  upper  surface  will  penetrate  into  the  fluid.  This  theoretical 
study  suggests  that  the  «  penetration  depth  >  for  Jupiter’s  atmo¬ 
sphere  would  be  3  X  10*  [(R,  —  R,»/A  &/fr]’^cm  where  A  is 
the  fractional  potential  density  contrast  between  the  bottom  and 
top  of  the  atmosphere.  There  is  a  wide  range  of  plausible  values 
of  (R,  —  R,„)  and  A  3/&  for  which  this  penetration  depth  is  com¬ 
parable  with,  or  greater  than  (R,  —  R,,)- 

Now  consider  (b).  If  the  motions  at  depth  in  Jupiter’s  atmos¬ 
phere  are  comparable  in  regard  to  flow  velocity,  and  also  in  time 
scale  for  gross  changes  to  occur,  with  those  at  the  level  of  the 
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visible  surface,  then  the  assumption  that  the  flow  is  slow  and 
steady  should  be  valid. 

Turning  to  (c),  frictional  forces  will  be  due  primarily  to  eddy 
viscosity.  In  the  main  body  of  the  flow,  over  length  scales  of  plane¬ 
tary  size,  friction  will  be  utterly  negligible,  although  frictional 
effects  would  be  present  in  the  « walls  »  of  a  « Taylor  column ». 
If  Vg  is  the  coefficient  of  eddy  viscosity,  then  the  Ekman  boundary 
layer  (^*)  at  the  bottom  of  the  atmosphere,  where  it  meets  the 
mantle,  will  have  thickness  of  order  (v^  / 11  sin  0)'^>,  'vhere  Q  is  the 
angular  velocity  of  rotation  of  the  planet  and  6  is  the  angle  of  lati¬ 
tude.  The  criterion  for  the  occurrence  of  «  Taylor  columns  »  given 
in  Section  V  (see  equation  1)  ignores  friction,  which  is  evidently 
legitimate  if  (v^  /  Q  sin  h,  i.  e.  if  vg  A*  Q  sin  6.  (How 

seriously  the  latitude  dependence  has  to  be  taken  is  not  clear ; 
we  include  it  here  in  order  to  be  conservative.)  If  A  =  10*  cm.  A*  Q 
is  of  order  10*  cm*  sec~^  Since  Vg  is  not  known,  we  cannot  tell 
whether  the  « Ekman  layer  *  will  submerge  the  « topographical 
feature  »  and  thus  suppress  the  «  Taylor  column ».  Values  of  Vg 
ranging  from  10  to  10*  cm*  sec*  are  encountered  in  the  Earth’s 
atmosphere  and  oceans,  Vg  being  strongly  dependent  on  many 
quantities,  especially  the  vertical  stability  due  to  density  strati¬ 
fication. 

We  shall  consider  assumptions  (d)  and  (f)  together.  Hide  (**) 
has  treated  the  theory  of  the  hydrodynamical  disturbance  due  to 
corrugations  of  the  lower  bounding  surface  of  a  rotating  spherical 
shell  of  fluid  relative  to  which  there  is  a  zonal  current  having 
velocity  U,  in  the  eastward  (ar)  direction.  Assuming  (1)  the  corru¬ 
gations  to  be  periodic  with  wavenumbers  kx  and  in  the  x  and  y 
directions  (y  directed  northwards)  and  of  small  amplitude  compared 
with  and  ;  (2)  that  Up  is  independent  of  time  t,  and  also  of 
X,  y  and  the  upward  vertical  coordinate  z ;  (3)  that  the  fluid  is 
incompressible  ;  and  employing  the  « ja-piane  »  approximation  of 
dynamical  meteorology  and  oceanography  (**),  it  may  be  shown 


496 


that  in  a  certain  approximation  the  disturbance  varies  in  the  z 
direction  as  exp,  ±  Kz,  whore 


K*  = 


l-N*/Ug«^W 

l-/*/Up^A 


In  equation  (2) /is  the  rorioiis  parameter,  2  12  sin  6,  P  =  dfjdy 
=  2  Q  cos  6/Ro,  assumed  constant,  and  N  is  the  «  Brunt-Vaisala 
frequency  »  (**)  equal  to  [ —  g  (din  &/dz)]'^,  &  being  the  potential 
density  (equal  to  the  actual  density  p  in  the  case  of  an  incompres¬ 
sible  fluid).  3  is  proportional  to  the  variation  of  Coriolis  parameter 
with  latitude,  and  would  vanish  in  the  absence  of  curvature  of  the 
planet's  surface.  N*  is  a  measure  of  the  vertical  stability  due  to  den¬ 
sity  strati  flcation. 

To  simplify  the  following  discussion,  consider  the  case  1:^  =  0, 
kx  =  k,  corresponding  to  ridges  having  their  axes  transverse  to 
the  direction  of  the  basic  current.  Thus,  by  equation  (2) 


K*  =  k* 


/I  -N*/U»Ar*\/ 

V 1  — v 


(3) 


In  the  absence  of  rotation  (/  =  0),  density  stratification 
(N*  =  0)  and  curvature  effects  0  =  0),  K  =  ±  k.  This  corresponds 
to  a  disturbance  which  suffers  exponential  attenuation  with  z. 

When  N*  =  0,  =  0  but  /  ^  0,  and  the  Rossby  number 

corresponding  to  strong  rotation  effects  but  none  due 
to  density  strati  flcation  and  curvature,  K  =  ±  i  U  k*lf.  Thus, 
in  contrast  to  the  previous  case,  the  disturbance  varies  harmoni¬ 
cally  with  z,  and  in  the  limit  of  zero  Rossby  number,  the  wavelength 
of  the  harmonic  perturbation  is  inflnite,  that  is  to  say,  there  is  no 
variation  with  z,  which  is  in  keeping  with  the  Proudman-Taylor 
theorem  (see  Section  V). 

When  p  =  0  but  N*/U*  ifc*  >  1  and/*/U*  k*  >  1,  corresponding 
to  signiflcant  effects  due  to  both  density  stratiflcation  and  rotation, 
then  K  is  real,  and  again  we  have  exponential  damping  (**),  showing 
that  vertical  density  stratiflcation  can  oppose  the  tendency  of 


497 


rotation  to  favour  the  propagation  of  the  disturbance  to  great 
distances  from  its  region  of  origin. 

Finally,  we  consider  the  case  N*/UJ  ife*  >  1 ,  >  1  and 

^/ib*Uo  >  1,  corresponding  to  strong  effects  due  to  density  strati¬ 
fication,  rotation  and  curvature,  and  we  find  that  K  is  again  imagi¬ 
nary.  Thus,  when  strong  curvature  effects  are  also  present,  the 
disturbance  varies  harmonically  with  z.  In  the  limit  of  N*/U*  4*  >  1 , 
/*/U*i*  >  1,  >  1,  we  have  K  =  ±  i  (N//)  (P/U.)>'V 

Typical  values  of  ^  and  Uo  for  mid-latitude  regions  of  Jupiter’s 
atmosphere  are  10"**  cm-*  sec"*  and  10*  cm  see-*  respectively,  k) 
that  atmospheric  disturbances  due  to  « topographic  features » 
having  horizontal  dimensions  in  excess  of  about  10*  cm  would  be 
influenced  by  the  curvature  of  the  planet.  The  term  N*/U*  4*  is  of 
the  order  of  10*  A  p/p,  if  A  p/p  is  identified  with  the  fractional 
potential  density  contrast  over  a  scale  height,  and  /*/U*  4*  s  10* 
so  that  ±  »K/4  2:  (A  p/p)‘'».  Since  A  p/p  would  be  less  than  unity, 
possibly  by  several  orders  of  magnitude,  this  result  suggests  that 
even  in  the  presence  of  curvature  and  density  stratification, 
effects  analogous  to  those  responsible  for  «  Taylor  columns »  in  a 
homogeneous  fluid  may  still  occur  though  it  is  not  clear  that  the 
effects  of  «  bottom  topography  *  would  Le  propagated  parallel  to 
the  rotation  axis.  This  conclusion  is  tentative,  since  the  foregoing 
theoretical  discussion  is  obviously  far  from  adequate,  and  must  be 
amplified  in  the  future.  The  effects  of  vertical  shear  in  the  basic 
motion  ought  to  be  taken  into  account,  but  this  is  a  difficult  mathe¬ 
matical  problem  (**). 

We  shall  defer  discussion  of  the  conditions  under  which 
assumption  (e)  —  that  in  treating  the  hydrodynamics  of  planetary 
scale  motions  the  fluid  may  be  regarded  as  incompressible  —  until 
the  next  section  8,  because,  as  we  shall  see,  compressibility  gives 
rise  to  novel  effects  on  Jupiter. 

Up  to  this  point  we  have  made  no  mention  of  terrestrial 
meteorology.  An  obvious  question  is  whether  «  Taylor  columns  » 
arise  in  the  Earth’s  atmosphere.  The  subject  of  air-flow  over  moun- 
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tains  has  been  studied  intensively,  both  observationally  and 
theoretically  (**),  but  so  far  as  I  know,  nothing  as  striking  as  a 
« Taylor  column »  has  been  discussed  in  this  context.  Perhaps  this 
is  not  surprising  since  the  smallest  Rossby  number  for  the  Elarth’s 
atmosphere  is  as  high  as  10~’,  that  is,  one  or  two  orders  of  magni¬ 
tude  greater  than  the  corresponding  quantity  for  Jupiter.  The 
Earth’s  rotation  can  exert  a  stronger  control  over  ocean  currents 
than  over  atmospheric  motions  of  comparable  horizontal  scale,  the 
smallest  Rossby  number  for  the  oceans  being  much  less  than  10~^. 
It  would  be  interesting  to  look  for  possible  effects  of  bottom 
topography  on  ocean  currents.  Equation  (2)  suggests  that  topo¬ 
graphical  features  greater  than  100  km  in  horizontal  extent  might 
produce  such  effects  in  spite  of  stable  density  stratification.  It  is 
noteworthy,  perhaps,  that  there  is  now  some  evidence  that  meanders 
of  the  Gulf  Stream  are  influenced  by  the  topography  of  the  bottom 
of  the  Atlantic  Ocean  (•*). 

VIII.  Dvnamicai.  effects  of  compressibility 

IN  A  HIOHLY  ROTATING  FLUID 

The  details  of  the  interaction  between  the  Great  Red  Spot  and 
the  South  Tropical  Disturbance  (Property  7,  see  Section  II)  have 
not  yet  been  considered.  Some  time  ago  I  attempted  to  interpret 
the  rapid  acceleration  of  the  South  Tropical  Disturbance  as  it 
moves  past  the  Spot  in  terms  of  ordinary  Rossby  waves  (**•  *•) 
hut  Toomre  objected  to  my  interpretation  and  offered  an  alter¬ 
native  suggestion.  He  drew  to  my  attention  the  possibility  that 
compressibility  effects  might  be  important  in  Jupiter’s  atmosphere 
and,  idealizing  the  «Taylor  column*  as  a  long  rigid  cylinder  ignoring 
curvature  effects  and  treating  the  atmospheric  flow  as  uniform  at 
great  distances  from  the  «  Taylor  column  »,  he  showed  {*'')  that  the 
stream  function  for  the  flow  can  be  expressed  in  terms  of  modified 
Bessel  functions  of  the  second  kind  :  — 

^  =  Uow,  Ki  (/£i/o)  sin  <p/Ki  {jCiJa),  (4) 
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where  U,  is  the  speed  of  flow  at  £>  =  oo,  (£>,  9)  are  cylindrical  polar 
coordinates,  (the  surface  of  the  rigid  cylinder  being  &  o>o>) 

a  is  the  speed  of  sound,  and,  as  before,  /  denotes  the  Coriolis  para¬ 
meter.  When  f&oja  <!,<}'  =  U#  wj  sin  (p/to.  This  is  the  incom¬ 
pressible  case,  in  which  falls  off  as  £>~*.  The  flow  speed  in  the  neigh¬ 
bourhood  of  the  cylinder  is  not  markedly  different  from  Uq-  On 
the  other  hand,  when  /coo/a  >  1,  ij' =  Uo^oBin  9  exp 

[ —  f  (<a  —  b>o)  la],  end  it  may  be  shown  that  in  these  circumstances 
the  fluid  undergoes  very  rapid  acceleration  in  the  neighbourhood 
of  the  cylinder. 

The  value  of  the  « rotational  Mach  number  »  fCi^la  for  the  flow 
around  the  Great  Red  Spot  is  about  10.  Thus,  compressibility 
effects  will  not  l)e  negligible.  However,  when  /wo/»  =  10,  the 
theoretical  value  of  the  acceleration  in  the  neighbourhood  of  the 
cylinder,  though  considerable,  fails  somewhat  short  of  the  observed 
acceleration  of  the  South  Tropical  Disturbance  in  the  vicinity  of 
the  Red  Spot,  suggesting  that  additional  effects  may  be  present. 
Further  theoretical  work  along  these  lines  is  clearly  needed. 

It  is  not  intuitively  obvious  that  a  « rotational  Mach  number  ». 
/I.Vi,  (where  L  is  a  length  characteristic  of  the  flow  in  planes 
{)erpendicular  to  the  rotation  axis)  should  determine  whether  com¬ 
pressibility  effects  will  be  signiflcant.  However,  that  this  is  so  may 
be  seen  as  follows  ;  —  If  the  flow  is  quasi-two-dimensional  in  planes 
perpendicular  to  the  rotation  axis,  and  is  highly  geostrophic 
(i.  e.  the  order  of  magnitude  U /L  of  the  relative  vorticity  is  much 
less  than  /,  where  U  is  a  typical  relative  flow  speed)  dynamical  pres¬ 
sure  variations  are  of  the  order  of  p  /UL,  and  associated  density 
variations  ~  p  /UL/o*.  The  corresponding  contribution  to  the  rela¬ 
tive  vorticity  ~/(p/UL/a*)/p,  which  is  only  small  in  comparison 
with  U/L  when  /*L*/a*  1.  Otherwise  compressibility  effects 

cannot  be  ignored. 

Amongst  the  many  idealizations  made  by  the  meteorologist  in 
treating  the  dynamics  of  large  horizontal  scale  flow  in  the  Earth’s 
atmosphere,  the  assumption  of  incompressibility  is  hardly  the  most 
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serious  one  (although  even  here  the  rotational  Mach  number  can 
exceed  unity  when  L  exceeds  3000  km).  /*L*/o*  is  of  order  10*  for 
Jupiter,  and  should  be  comparable  for  Saturn,  so  that  the  syste¬ 
matic  study  of  compressibility  effects  on  the  hydrodynamics  of 
rotating  fluids  will,  evidently,  be  a  necessary  step  towards  a  satis¬ 
factory  theory  of  the  hydrodynamics  of  the  atmospheres  of  large, 
cold,  rapidly  rotating  planets.  To  my  knowledge,  this  branch  of 
fluid  dynamics  has  hardly  been  explored  and  offers  exciting  pro¬ 
spects  in  its  own  right,  apart  from  any  possible  application  to 
planetary  atmospheres. 

The  theoretical  study  of  so-called  «  Rossby  waves »  in  an 
incompressible  fluid  has  clarified  certain  aspects  of  the  dynamics 
of  the  mid-latitude  motions  of  the  Earth’s  atmosphere.  Rossby 
considered  the  ju'opagation  of  a  small  amplitude  horizontal  distur¬ 
bance  of  a  uniform  wind  in  an  eastward  {x)  direction,  having  a  speed 
Uo  relative  to  the  rotating  planet  (**•  ••).  Assuming  that  the  distur¬ 
bance  varies  harmonically  with  z  and  t.  having  wavenumber  k  and 
angular  frequency  w  (wavelength  27r/it  and  ])eriod  2  7t/a)),  ignoring 
the  effects  of  horizontal  density  gradients  and  making  use  of  the 
so-called  «  j3-plane  a]>]>roximation  » (*®)  it  may  be  shown  that 


2Q  cos  6,  k 
Ro  {ic*  +  m*) 


(5) 


where  the  flow  is  supposed  to  be  confined  between  latitude  circles 
8,  =  Oo  —  7t/RoW  and  8,  =  O#  +  nlR^m  (*••  •*).  The  phase  velo¬ 
city  Cp  of  these  waves  (with  respect  to  the  basic  current)  is  given  by 


C,  =  -w/fc  = 


2  Q  cos  8g 
Ro  (k*  -H  m*)’ 


and  group  velocity  by 

=  —  dia  jdk 

The  quantity 


2  Q  cos  8g  {k*  —  TO*) 
R„ 


T  —  ! 


27t 


!*(C,-C,) 


C,  d  (jfc-‘)  2;: 

F»  dC,  I  (0 


(6) 

(7) 

(8) 
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willbearoug  h  measure  of  the  time  required  for  a  disturbance  of 
arbitrary  shape  and  dominant  wavenumber  k  to  disperse. 

When  the  width  of  the  basic  current,  itjm  is  comparable  with 
or  greater  than  the  wavelength  2nlk  of  the  disturbance,  the  waves 
are  highly  dispersive.  The  period  2  tt  /  <■!)  is  then  of  the  order  of 
several  days  for  wavelengths  in  the  10*  km  range,  and  so  is  the  dis¬ 
persion  time  Tq  :  this  is  in  accord  with  meteorological  observations. 

Hide  (••)  has  considered  the  theory  of  Bossby  waves  in  a 
compressible  fluid  and  thus  shown  that  provided  m  is  replaced 
by  m,  where 


m' 


.  /  4  il*  sin*  6o\ 

=  m*(i  +  rr  )' 

\  fn*a*  / 


(») 


equations  (5),  (6)  and  (7)  still  apply.  Since  njm  is  the  width  of  the 
cmrent,  ti/to  may  be  regarded  as  a  « reduced  width  »,  the  reduct¬ 
ion  factor  being  (1  -r  4fl*  sin*  6o/'m*  o*)'^.  Hence  compressibility 
has  two  primary  effects.  It  increases  both  the  period  of  oscillation 
2tc  I  <0,  and  the  «  dispersion  time »,  Tj,,  by  factors  which,  when 
k*  <  m*  are  4  Q*  sin*  Oo/i*  o*  and  16  ft*  sin*  Q^ik*  a*  respectively. 

In  the  case  of  Jupiter  the  reduced  width,  n/m,  will  differ 
signiflcantly  from  the  true  width,  njm,  when  tt/w  p  10* /sin  0#  cm. 
The  circumference  of  the  planet  is  4.3  X  10*®  cm,  so  that  there 
could  be  disturbances  for  which  compressibility  effects  are  not 
negligible.  Consider  such  a  disturbance  at  latitude  20®  having  a 
wavelength  2  njk  =  1.2  x  10*®  cm,  which  is  0.25  of  the  length  of 
the  latitude  circle.  The  period  of  oscillation  2?:  /  ci>  10*  sec  and 
the  dispersion  time  Tp  ~  6  x  10*  sec.  These  should  be  compared 
with  the  « incompressible  »  values  of  10*  sec  and  6  x  10*  sec  respec¬ 
tively. 

In  lengthening  the  oscillation  period  and  dispersion  time, 
compressibility  has  an  effect  which  is  comparable  qualitatively  and 
quantitatively  with  that  of  vertical  density  stratification  (**).  For 
simplicity,  such  effects  were  excluded  from  the  analysis  leading  to 
equations  (5)  and  (9)  by  supposing  the  atmosphere  to  have  a  uni¬ 
form  density  and  to  be  bounded  by  two  horizontal  rigid  surfaces. 
Before  a  realistic  comparison  of  theory  with  observation  can  be 
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attempted,  horizontal  density  gradients  will  also  have  to  be  taken 
into  aoooimt  and  the  «  p-plane  *  treatment  refined  by  considering 
the  case  of  a  nearly  spherical  shell  of  fluid. 

Peek  has  described  the  behaviour  of  what  he  calls  the  «  oscil¬ 
lating  spots »  in  the  South  Tropical  Zone  (*)  and  has  given  the 
following  expression  for  the  longitude  in  System  II  of  one  of  these 
spots  ; 

X  =  271«  6  —  0.310 1  —  0®.0018  t*  +  S^.SO  exp  {—0.018  t)  sin  6o.O  t 
where  t  is  in  days.  According  to  this  expression,  the  period  of 
oscillation  is  72  days  or  6  x  10*  sec.  Two  additional  observational 
facts  which  we  must  ultimately  explain  are  (a)  the  persistence,  for 
a  matter  of  years,  of  the  South  Tropical  Disturbance  (see  Property  7, 
Section  II),  and  (6)  the  variations  in  position  and  width  of  the  dark 
and  light  bands  on  Jupiter,  which  are  also  associated  with  a  time 
scale  of  years.  If  these  phenomena  are  not  «  climatological »,  then 
their  time  scales  would  have  to  be  commensurate  with  «  meteorolo¬ 
gical  »  periods.  The  highly  idealized  theoretical  model  discussed 
above  leads  to  oscillation  periods  and  dispersion  times  which  are 
respectively,  one  and  two  orders  of  magnitude  longer  than  the 
corresponding  quantities  for  an  incompressible  fluid.  Whether  more 
refined  theory  will  yield  oscillation  periods  and  dispersion  times 
long  enough  to  account  for  the  observations  remains  to  be  seen. 

IX.  Conclusion 

Doubtless  the  expert  dynamical  meteorologist  will  find  my 
approach  to  the  hydrodynamical  problems  outlined  in  this  paper 
cavalier  in  the  extreme,  and  many  of  the  arguments  suspect  or 
incomplete.  With  this  in  mind,  I  have  attempted  to  make  my 
suggestions  fairly  explicit,  because  only  in  this  way  are  underl}ring 
assumptions  made  clear.  I  do  not  regard  these  suggestions  as  final, 
but  merely  as  working  hypotheses  which  can  serve  a  useful  purpose. 
A  number  of  promising  lines  of  inquiry  have  emerged,  and  these 
must  be  followed  up.  Thus  and  with  avera^  luck,  we  should  at 
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least  leam  a  little  about  certain  novel  hydrodynamioal  processes. 
With  better  than  average  luck  we  may  thus  equip  ourselves  to 
deal  adequately  with  the  hydrodynamics  of  Jupiter’s  atmosphere. 
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49.  —  ON  THE  NATURE  OF  THE  JOVIAN  RED  SPOT 


Cabl  SAGAN  (♦) 

The  Institute  for  Basic  Research  in  Science, 

The  Space  Sciences  Laboratory,  and  The  Department  of  Astronomy, 
University  of  California,  Berkeley,  California,  U.  S.  A, 

The  Great  Red  Spot  lies  in  the  South  Tropical  Zone  of  the 
atmosphere  of  Jupiter.  At  least  for  the  past  130  years  it  has  been 
localized  at  approximately  the  same  latitude,  centered  near  —  22o  ; 
it  is  possibly  identical  with  a  feature  observed  by  Hooke  and  Cassini 
in  1664-6a.  The  observed  motion  of  t  he  Red  Spot  is  quite  remark¬ 
able.  Since  1879  it  has  drifted  erratically  in  latitude  only  some  two 
or  three  degrees  from  the  mean  position ;  on  the  other  hand,  the 
Red  Spot  has  drifted  in  longitude  since  1831  some  3529o  with 
respect  to  System  II,  or  1080°  with  respect  to  the  mean  motion 
(v.,  e.  g..  Peek,  1958).  The  curious  discrepancy  between  the  motion 
in  latitude  and  the  motion  in  longitude  has  important  dynamical 
consequences,  and  any  model  of  the  Red  Spot  must  be  prepared  to 
explain  these  motions. 

Until  very  recently,  the  only  explanation  of  the  drift  in  longi¬ 
tude  has  been  that  the  Red  Spot  is  not  connected  with  the 
surface  of  Jupiter ;  instead,  the  Red  Spot  is  conceived  to  be  a  large 
object,  with  a  depth  comparable  to  its  transverse  dimensions 
(11,000  km  wide  and  40,000  km  long),  floating  either  in  a  liquid 
medium  (Hough,  1905),  or  in  an  « ocean  »  of  highly  compressed 
gases  (Wildt,  1939). 

One  difficulty  which  immediately  arises  is  the  composition  of 
the  (presumed)  floating  Red  Spot.  The  total  atmospheric  pressure 
at  the  visible  cloud  tops  of  Jupiter  is  <*6  atm,  and  the  tempera¬ 
tures  there  are  some  170  to  200*’K  (Zabriskie,  1962 ;  Opik,  1962). 
Thus,  if  we  are  looking  down  on  the  top  of  the  floating  object 
itself  —  and  not  some  extremely  thick  permanent  cloud  form  above 

(*)  Now  at  Harvard  University  and  Smithsonian  Astrophysioal  Obser¬ 
vatory,  Cambridge,  Mass ,  U.S.A. 
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s  floating  object  —  the  Red  Spot  must  be  a  solid  at  these  pressures 
and  temperatures.  Solid  hydrogen  and  helium,  are  therefore 
eliminated.  The  Red  Spot  cannot  be  water,  ammonia  or  methane 
ices,  or  a  mixture  thereof,  if  its  depth  is  small,  because  its  density 
would  then  exceed  that  of  the  surroimding  atmosphere  (of.  Wildt, 
1961,  p.  205).  More  exotic  compositions  are  rendered  unlikely  by 
the  failure  to  detect  their  precursors  in  the  Jovian  atmosphere 
by  spectroscopy.  The  hypothesis  that  the  Red  Spot  is  a  floating 
object  fails  to  explain  two  other  obseivables  :  that  there  is  only 
one  Red  Spot,  and  that  the  Red  Spot  is  red. 

A  more  critical  test  of  the  notion  of  a  floating  Red  Spot  arises 
from  the  absence  of  a  drift  in  latitude.  A  floating  object  on  a 
rotating  planet  will  experience  the  Eotvos-Lambert  force,  moving  it 
towards  the  equator.  This  force  arises  from  the  fact  that  the  gravi¬ 
tational  potential  of  a  floating  object  will  be  proportional  to  g, 
the  acceleration  due  to  gravity.  On  a  rotating  planet,  g  is  least  at  the 
equator,  and  the  object  tends  to  move  equatorward  to  minimize  its 
potential  energ;^'.  For  a  spherical  object  of  density  p  and  radius  r, 
floating  in  an  incompressible  medium  of  density  p,,  the  Edtvds- 
Lambert  force  is 

Fj;_i,  2:  —  ^1— e^cosXjsinXl  (1) 

(cf.  Lambert,  1921  ;  Jeffreys,  1959).  In  eq.  (1),  m  is  the  mass  of 
the  floating  object,  g^  is  the  acceleration  due  to  gravity  at  the 
equator  of  the  planet  of  equatorial  radius  R,  e  is  the  planetary 
ellipticity,  X  is  the  latitude,  and 

/=w*R/j7,  (2) 

where  u  is  the  angular  velocity  of  planetary  rotation.  The  derivation 
of  equation  (1)  utilizes  the  Clairaut  .equation  for  gtayi^y  to  first 
order  only. 

In  .general  such  a  floating  sphere  will  experience  a  viscous 
damping  force  ;  in  the  familiar  range  of  pressures  and  temperatures 
where  the  viscosity  is  independent  of  pressure,  the  damping  force 
is  given  by  Stokes’  law 


F,  =  6  7t  7)  t?  r 


(3) 
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where  ij  is  the  coefficient  of  viscosity,  and  v  is  the  velocity  of  the 
floating  object. 

The  equation  of  motion  of  the  sphere  is  then  given  by 

I  .  ,  . 

+  C  cos  >.  sin  X  =0  (4) 

at*  at  ' 

where 


b 


(5) 


and  we  have  set  v  =  R  (d  X  /  dt).  The  appropriate  boundary 
conditions  will  be  discussed  presently.  The  substitution  x  =  cos  X 
transforms  equation  (4)  into  the  useful  form 


d*x 

dt* 


r  *  ~\  dx 


p) 


There  are  several  approximations  which  can  now  be  applied  which 
greatly  simplify  equation  (7)  without  substantial  degradation  of 
the  problem  in  its  present  application. 

We  first  consider  the  relative  magnitude  of  the  two  terms  in 
square  brackets  in  equation  (7).  With  r'^2  x  10*  cm,  m  = 
(4/3)  71  r*  p,  p  ~  1  gm  cm-*,  and  t)  10"*  poises  (as,  e.  g.,  for  liquid 
hydrogen),  we  find  from  equation  (5)  that  6  10“**  sec-^.  There 

are  no  other  choices  of  p  and  t;  under  the  preceding  assumptions 
which  will  increase  h  very  substantially.  Consequently,  except  for 
very  small  values  of  x. 


Small  values  of  x  apply  only  when  the  Spot  is  very  close  to  the 
pole  of  rotation.  Since  we  are  only  concerned  with  motions  between 
middle  and  equatorial  latitudes,  inequality  (8)  can  be  adopted.  Thus 


508 


the  terms  Involving  the  ooeffioient  b  can  be  dropped  in  equations 
(7)  and  (4),  and  the  latter  equation  reduces  to 

d*X  I  .  I 

4-  c  cos  X  I  sm  X  j  =  0  (9) 

(t4> 

This  approximation  remains  valid  as  long  as  6  10”*®  seo'^. 

We  have  already  mentioned  the  stability  of  the  Red  Spot  over 
the  past  two  centuries.  For  relatively  small  movements  about 
X  =  —  22®,  we  set  cos  X  |  sin  X  |  const.  0.35,  and  solve  the 
resulting  simple  dififerential  equation  un'lcr  the  boundary  condi- 

d\ 

tions  that  at  <  0,  X  —  ftn'’  —  =  0.  It  then  follows  that  the 

at 

drift  in  latitude  due  to  the  Eotvos-Lambert  force  is  given  by 

=  (.0, 

With  X  —  Xo  <  10®  over  t  >  130  years,  and  setting  R  =  7.14X 
10*  cm,  r  =  2  X  10*  cm,  =  2.4  x  10*  cm  sec-*,  P  =  2n  /  w  = 
3.6  X  10‘  secs,  and  e  =  6.2  x  10'*,  we  obtain  that  the  observed 
drift  in  latitude  is  consistent  under  the  preceding  assumptions  only 
if 


(11) 

Po 

It  is,  of  course,  unlikely  in  the  extreme  that  an  object  floating  in 
an  incompressible  fluid  should  be  so  close  in  density  to  the  buoyant 
medium.  The  case  of  a  compressible  fluid  will  be  discussed  presently. 

An  escape  from  this  conclusion  exists  if  the  viscosity  of  the 
flotation  medium  is  very  high  ;  as,  for  example,  if  the  base  of  the 
Red  Spot  were  floating  in  a  medium  comparable  to  that  in  which  the 
terrestrial  continents  float  (if)  ~  10**  poises).  Then  the  first  term  in 
equation  (4)  can  be  neglected  in  comparison  with  the  second,  and 
the  equation  can  be  integrated  with  no  further  approximations  as 


b  I  tan  Xg 

7  =  In  \ - 

c  I  tan  X 


With  the  same  choices  of  other  parameters  as  in  the  previous  case. 


609 


p 

large  values  of  ^  lead  to  quite  reasonable  values  of  1 - -  But  it  is 

Po 

easy  to  show  that  the  large  viscosities  required  to  explain  the  small 
drift  in  latitude  are  incompatible  with  the  much  smaller  viscosities 
required  to  explain  the  large  drift  in  longitude. 

The  preceding  discussion  has  assumed  that  yj  v]  (P,  T). 
The  temperature  dependence  of  the  viscosity  is  ordinarily  slight ; 
for  Y]  a  T",  M  varies  from  0.64  for  He  to  1.09  for  NHj.  At  very  great 
pressures,  however,  as  are  certainly  present  deep  in  the  atmosphere 
of  Jupiter,  eddy  resistance  carries  away  momentum,  and  the 
viscosity  is  a  strong  function  of  pressing.  For  some  gases,  e.  g.,  for 
COj  at  100  atm,  r,  a  P.  It  should  also  be  noted  that  the  derivation 
of  the  Stokes  force,  eq.  (3),  in  effect  assumes  that  (P). 

However,  whatever  the  effect  of  an  increase  in  the  viscosity  over 
the  values  we  have  already  adopted,  it  cannot  be  an  effect  diffe¬ 
rential  in  latitude  and  in  longitude.  Consequently,  the  previous 
conclusions  remain  unchanged.  We  conclude  that  a  model  Red 
Spot  floating  in  any  incompressible  fluid  is  untenable. 

If  the  Red  Spot  were  immersed  in  a  compressible  medium,  it 
would  sink  until  the  mean  density  of  the  Red  Spot  just  equaled  the 
mean  density  of  the  surrounding  fluid.  At  first  sight  this  would 

P 

eliminate  the  objections  to  small  values  of  1 - above.  Since  high 

po 

densities  are  achieved  below  the  clouds  in  the  massive  Jovian 
atmosphere,  we  proceed  to  consider  a  solid  Red  Spot  floating  in 
a  dense  compressible  atmosphere. 

For  convective  equilibrium,  the  difference  in  density  between 
two  atmospheric  levels  can  be  expressed  as 

1 

Ap=p.[i-(i+|-Azy'‘]  (13) 

where  Pi  and  Ti  are,  respectively,  the  density  and  temperatures  at 
the  reference  level,  F  =  —  y/cp  is  the  dry  adiabatic  lapse  rate, 
Y  =  Cp/cp  is  the  ratio  of  specific  heats,  and  AZ  is  the  difference  in 
altitude  between  the  two  levels. 
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The  total  angular  momentum  of  the  model  Red  Spot  will  be 
conserved.  Since  the  mass  and  latitude  of  the  Red  Spot  remain  con¬ 
stant  to  first  approximation,  a  change  in  angular  velocity  of 
rotation,  to  (0.  will  be  compensated  by  a  change  in  the  distance 
R  {t)  of  the  Red  Spot  from  the  center  of  Jupiter.  The  conditions 


R|  (0|  =  R^  (Oy 

(14) 

and 

R,  -R,  =  AZ 

(15) 

lead  to 

1 

_  .1  r  rRAw“|^-‘) 

(16) 

Equation  (16)  expresses  the  change  in  the  mean  density  of  the 
medium  surrounding  the  Red  Spot  as  a  function  of  the  change  in 
angular  velocity  of  the  Red  Spot. 

At  substantial  depths  in  the  atmosphere  of  Jupiter,  the 
combination  of  absorption  and  scattering  in  and  below  the  clouds 
will  attenuate  all  but  a  very  small  fraction  of  the  incident  solar 
radiation.  Isothermal  conditions  should  be  approached  in  the  lower 
atmosphere,  the  extent  depending  on  the  existence  of  other  energy 
sources.  For  an  isothermal  atmosphere,  the  analogue  of  equation(16) 


(17) 

where  H  =  kTImg  is  the  scale  height  of  the  Jovian  atmosphere 
at  these  depths.  The  true  situation  should  lie  somewhere  between 
the  extremes  of  eqs.  (16)  and  (17). 

During  time-intervals  of  a  year,  changes  in  the  period  of  rotation 
of  the  Red  Spot  of  3  or  4  seconds  are  not  unusual  (v.,  e.  g..  Peek, 
1959,  pp.  144-145).  The  mean  period  of  rotation  of  the  Red  Spot 
during  the  past  130  years  is  some  9'‘  55™.  Thus,  in  the  course  of  a 
year, 


.  Ad) 

I  “ 


(18) 


For  the  evaluation  of  eqs.  (16)  and  (17)  through  eq.  (18),  we  adopt 
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r  =  —  4K‘‘/km,  T,  =  180“  K,  (jl  =  3.3,  and  y  =  4/3,  although 
any  reasonable  choices  lead  to  similar  mimericsl  resiihs.  We  find 
that  for  both  the  adiabatic  and  the  isothermal  cases, 

Ap/p~0.2  (19) 

i.  e.,  conservation  of  angular  momentum  by  a  model  Bed  Spot 
floating  in  a  compressible  atmosphere  demands  that,  in  the  course 
of  one  year,  the  Red  Spot  must  move  in  depth  so  that  the  effective 
density  of  its  flotation  medium  varies  by  some  twenty  per  cent. 
But  then  the  difnculties  posed  by  the  Eotvos-Lambert  force, 
and  underlined  by  incqn.alily  (11),  are  still  with  us. 

Another  force  on  a  floating  object  is  the  Pekeris  stress,  due  to 
an  assumed  tem])erature  difference  between  equator  and  poles  at 
great  depths  (Pek..ris,  1935).  The  Pekeris  stress  is  clearly  difficult 
to  estimate  for  Jupiter.  Although  it  is  of  o])posite  sign  to  the  Eotvos- 
Lambert  force,  it  is  very  doubtful  that  the  magnitude  will  be  at 
all  similar  and  that  an  equilibrium  could  be  attained.  If  it  were 
necessary 'to  save  the  floating  Red  Spot  at  all  costs,  such  an  equi- 
librium'might  be  invoked. 

In'  the  preceding  discussion,  we  have  adopted  as  a  computa¬ 
tional  device]! —  it  does  not  aflect  the  character  of  the  results  —  the 
assignment  of  an  effective  density  p  for  the  flotation  medium. 
Actually,  if  the  thickness  of  the  Red  Spot  is  comparable  to  its  other 
dimensions,  the  density  of  the  atmosphere  varies  by  many  orders 
of  magnitude  between  its  top  and  bottom.  In  such  an  atmosphere, 
the  bottom  of  the  Red  Spot  will  float  near  that  atmospheric  level 
at  which  the  ambient  density  equals  the  mean  Red  Spot  density. 
Taking  thej  value  of  cloudtop  pressure  and  temperature  and 
atmospheric  structure  previously  adopted,  and  png  ~  1  gm  cm"*, 
wo  find  that  the  base  of  the  Red  Spot  is  only  100  km  below  the 
clouds  for  an  isothermal  atmosphere,  and  1000  km  for  an  adia¬ 
batic  atmosphere.  If  the  depth  of  the  Red  Spot  is  to  be  at  all  com¬ 
parable  to  its  other  dimensions,  we  require  even  for  an  adiabatic 
atmosphere  below  the  clouds, 

PRS  >  (20) 
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If  the  composition  of  the  Rod  Spot  is  to  reflect  cosmic  abundances 
of  the  elements,  the  high  mean  density  of  inequality  (20)  must  then 
indicate  a  high-pressure  solid  state  phase  transition. 

The  possibility  that  the  Red  Spot  exists  in  at  least  two  different 
solid  phases  was  previously  raised  by  Peek  (1959  ;  pp.  238  et  seq.) 
in  a  not  entirely  successful  attempt  to  correlate  the  albedo  and 
angular  acceleration  of  the  Red  Spot.  Here,  the  phase  transition 
suggests  a  possible  escape  from  the  problem  associated  with  the 
Edtvos-Lambert  latitude  drift.  At  any  given  moment  the  Red  Spot 
will  be  floating  so  that  its  mean  density  and  the  effective  density  of 
the  flotation  medium  are  just  etiual.  At  some  depth  below  the  top  of 
the  Red  Spot,  a  phase  transition  boundary'  will  exist,  below  which 
there  is  a  discontinuous  increase  in  the  density  of  the  solid.  Now, 
as  a  consequence  of  an  acceleration  in  longitude,  conservation  of 
angular  momentum  alters  the  depth  of  the  Red  Spot.  If  it  rises, 
the  phase  transition  boundary  rides  downwards  within  the  solid 
body  of  the  Red  Spot,  and  its  mean  density  decreases  ;  if  it  sinks, 
the  boundary  rides  upwards,  and  its  mean  density  increases.  In 
either  case,  the  mean  density  of  the  Red  Spot  changes  to  counter¬ 
balance  —  at  least  in  part  —  the  change  in  the  effective  density  of 
the  flotation  medium  caused  by  the  bobbing  of  the  Red  Spot.  The 
changes  in  level  required  to  explain  the  angular  acceleration  of  the 
Red  Spot  by  conservation  of  angular  momentum  are  only  some 
tens  of  kilometers  as  can  be  seen  from  eqs.  (13)  and  (16),  and  their 
isothermal  analogues.  Thus  the  rate  of  Red  Spot  bobbing  will 
be  <  1  mm  /sec.  It  is  then  fore  conceivable  that  the  smooth  motion 
of  a  pressure-induced  phase-transition  boundary  up  and  down 
through  the  body  of  the  Red  Spot  could  just  compensate  the 
density  difference  between  the  Red  Spot  and  the  medium  esta¬ 
blished  by  the  bobbing,  and  thereby  keep  the  Eotvos-Lambert 
drift  in  latitude  within  the  observed  limits.  The  hypothesis 
demands  that  the  mean  density  of  the  Red  Spot,  averaged  over 
both  phases  near  the  phase  transition  boundary,  be  proportional  to 
the  first  power  of  the  density  of  the  surrounding  medium  at  the 
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same  level.  A  detailed  tost  of  this  hypothesis  mast  await  a  speci¬ 
fication  of  the  composition  of  the  Red  Spot  and  of  the  nature  of  the 
phase  transition. 

The  only  published  alternative  to  the  floating  Red  Spot  model 
is  that  of  Hide  (1962).  Hide  shows  that  a  topographical  disconti¬ 
nuity  in  the  solid  surface  of  Jupiter,  which  is  only  a  few  kilometers 
high,  but  which  has  transverse  dimensions  comparable  to  those 
of  the  Red  Spot,  would  suffice  to  produce  a  stagnant  Taylor  column 
extending  to  the  Jovian  cloud  level.  If  the  column  were  fixed  to  a 
uniformly  rotating  solid  surface,  the  drift  in  longitude  cannot  be 
explained  —  in  the  last  century  there  would  have  been  times  when 
the  plateau  was  in  one  hemisphere  and  the  column  in  the  other. 
But  if  the  solid  surface  rotated  nonuniformly  (only  the  system  solid 
body  plus  atmos])here  must  conserve  angular  momentum),  then 
Hide  has  shown  that  the  drift  in  longitude,  the  absence  of  a  drift  in 
latitude,  and  several  other  observable  dynamic  features  of  the 
Re<l  Spot  are  readily  explained. 

The  met<*on»logical  hypothesis  may  also  provide  a  natural 
explanation  for  the  color  of  the  Rod  Spot.  In  the  original  formu¬ 
lation  of  the  model,  the  column  is  stagnant ;  there  is  no  material 
exchange  between  the  Red  Spot  and  its  surroundings,  and  very 
limited  exchange  Iwtween  the  top  and  the  bottom  of  the  column. 
However,  the  recent  observations  of  Focas  (1962)  provide  direct 
evidence  for  exchange  through  the  boundaries  of  the  Red  Spot. 
If  the  meteorological  hypothesis  is  to  be  preserved,  we  must  require 
an  energy  source  within  the  Red  Spot  column.  Then  the  cell  must 
be  convective  and  will  carry  to  the  top  of  the  atmosphere  material 
characteristic  of  lower  depths.  It  can  be  also  expected  to  be  the 
seat  of  thunderstorm  activity.  In  laboratory  experiments  with 
simulated  Jovian  atmospheres,  Sagan  and  Miller  (1960)  have  shown 
that  a  variety  of  simple  organic  molecules,  among  them  HCN,  C,H„ 
C2H4,  C*H„  and  CH3CN,  are  produced  in  high  yield  by  electric 
discharges.  Similar  molecules  should  be  produced  by  ultraviolet  light 
in  the  Jovian  atmosphere  and  should  be  carried  to  lower  depths. 
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It  is  noteworthy  that  many  of  the  polymerization  and  interaction 
products  of  these  molecules  are  colored  red  or  yellow  ;  the  acety¬ 
lene  polymer  cuprene  was  first  suggested  in  this  connection  by 
Urey  (1952).  It  therefore  seems  possible  that  the  coloration  of  the 
Red  Spot  is  due  to  organic  molecules  produced  there  by  electrical 
discharge  ;  or  produced  by  ultraviolet  light  in  the  whole  atmosphere, 
carried  to  great  depths,  and  then  convectively  recirculated  to  the 
top  of  the  atmosphere  in  the  Red  Spot.  High  dispersion  visible 
spectra,  or  lower  dispersion  infrared  spectra  of  the  Red  Spot  would 
help  to  check  this  suggestion. 

VVe  conclude  that  the  hypotliesis  of  a  floating  Red  Spot  is 
generally  unsatisfactory,  unless  a  particularly  favorable  solid 
state  phase  transition  should  be  ojierating  ;  with  a  wobbly  Jovian 
solid  body,  the  meteorological  hypothesis  has  several  satisfactory 
aspects  and  is  probably  to  be  preferred  at  the  present  time. 

.ACKNOWLEIKIEMENT 

I  am  grateful  to  Dr.  R.  Hide  for  several  stimulating  discussions. 
This  work  was  supported  by  grant  XsG-1 26-61  from  the  National 
Aeronautics  and  Space  .\dministration. 

REFERENCES 

J.  H.  Focas,  This  syrnposium. 

R.  Hide,  This  symposium. 

G.  W.  Houuh,  Pop.  Aslron.,  121,  1905. 

H.  Jeffreys,  The  Earth,  Cambridge  :  The  University  Press,  1969. 

W.  D.  Lambert,  v4m«r.  J.  Sci.,  6th  Scries,  2,  129,  1921. 

E.  J.  Opik,  Icarus,  1,  200,  1962. 

B.  M.  Peek,  The  Planet  Jupiter,  London  :  Faber  and  Faber,  1968. 

C.  L.  Pekeris,  Mon.  Not.  Oeol.  Soc.,  3,  343,  1936. 

C.  Saoab  and  S.  L.  Miller,  A.  J.,  65,  499,  1960. 

H.  C.  Urey,  The  Planets,  New  Haven  :  Yale  University  Press,  1962. 

R.  WiLDT,  /'roc.  Amer.  Philos.  Soc.,  81,  136,  1939. 

R.  WiLDT,  Planets  and  Satellites,  G.  P.  Kuiper  and  B.  M.  Middlehdrst, 
eds.,  Chicago  :  University  of  Chicago  Press,  1961. 

F.  R.  Zabriskie,  A.  J.,  67,  168,  1962. 


516 


60.  —  OPTICS  AND  GEOMETRY  OF  THE  MATTER 
OF  SATURN’S  RINGS 


M.  S.  BOBROV 

Attronomieal  Council  of  the  USSR  Academy  of  Sciences,  U.S,S,R. 

Introduction 

The  system  of  Saturn’s  rings  is  an  object  of  considerable 
interest  not  only  for  planetary  physics,  but  also  for  meteoric 
astronomy  and  for  the  cosmogony  of  the  solar  system. 

The  present  report  is  a  brief  review  of  the  results  obtained  by 
the  author  from  1939  to  1962.  The  majority  of  the  results  concerns 
the  B-ring  as  for  this  ring  the  observational  data  are  more  complete 
than  for  the  A*  and  C-rings. 

Optical  characteristics  of  the  B-ring 

AND  THEIR  INTERPRETATION 

The  first  important  photometric  characteristic  of  the  matter 
of  the  B-ring  is  the  absolute  surface  brightness  of  the  most  intensive 
zone  in  the  ansae  in  an  opposition.  It  may  be  estimated  to  0.62  in 
units  of  that  of  white  orthotropic  screen  normal  to  incident  solar 
radiation,  with  probable  error  of  0.14,  or  22  %. 

This  estimation  is  based  on  the  stellar  magnitude  of  Saturn 
without  rings  in  a  mean  opposition  (+  0  °>.  89  in  Harvard  visual 
system  ;  Russell,  1916),  on  the  observed  limb  darkening  of  Saturn’s 
disc  (Schoenberg,  1921  ;  Barabasheff  and  Semejkin,  1933  ;  Sharonov, 
1941  ;  Barabasheff  and  Chekirda,  1952  ;Lebedinets,  1957  ;Camichel, 
1958)  and  on  the  assumption  that  in  opposition  the  brightness  of  the 
B-ring  in  the  ansae  is  equal  to  that  of  the  center  of  Saturn’s  disc 
(Schoenberg,  1933). 

Another  important  characteristic  is  the  optical  thickness  of 
the  ring  (for  normal  beam).  Its  value  is  stUl  uncertain,  but  the 
results  of  the  8-magnitude  star  occultation  by  this  ring  (Westfall, 
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1968)  show  that  it  u  only  slightly  greater  than  that  of  the  A-ring. 
The  latter  may  be  estimated  very  accurately  from  the  photometry 
of  Dr.  Camiohel  (1958)  to  0.5-0.7.  So,  the  optical  thickness  of  the 
B-ring  may  hardly  exceed  1.0- 1.5. 

Having  the  values  of  these  two  characteristics  and  applying  to 
the  ring  the  theory  of  the  multiple  light  scattering  for  the  flat 
layer  of  non-absorbing  particles,  we  may  easily  show  that  the  dif¬ 
fraction  scattering  cannot  account  for  the  observed  high  brightness 
of  the  ring.  Indeed,  the  computations  with  the  aid  of  the  formulas 
and  tables  of  the  light  scattering  theory  (Sobolev,  1949  ;  Chandra¬ 
sekhar,  1950  :  Chandrasekhar  et  al.,  1952)  show  that  the  ring 
matter  reflects  backwards  (to  the  Sun)  about  3.5  times  more  radia¬ 
tion  than  an  isotropic  white  scatterer  (Bobrov,  1951).  It  is  approxi¬ 
mately  ten  times  more  than  from  a  layer  of  microscopic  dielectric 
spheres  with  refractive  index  of  1.33. 

On  the  contrary,  the  concept  of  large  light-grey  particles  with 
very  rough  surface  (Bobrov,  1951,  1952)  covered  with  hoarfrost 
or  snow  (Kuiper,  1949,  1957  ;  Moroz,  1961)  is  in  very  good  agree¬ 
ment  with  this  result  as  well  as  with  the  form  of  the  phase  curve 
of  the  ring.  If  we  adopt  the  roughness  of  particles  equal  to  that 
of  the  Moon  and  Mercury,  we  obtain  for  the  albedo  of  an  individual 
particle  the  value  of  0.6-0.7  (Bobrov,  1952,  1959). 

Gkomktric  thickness  of  the  kings 

This  characteristic  may  be  obtained  from  observations  at  high 
altitude  observatories  either  at  the  moment  the  Earth  is  crossing 
the  ring-plane  or  when  the  Earth  it  at  the  dark  side  of  the  rings  ; 
in  the  latter  case,  an  observer  may  detect  the  bright  line  of  the  edge 
at  the  nearest  border  of  the  dark  side. 

Similar  conditions  were  realized  in  £.  C.  Slipher’s  observations 
on  February,  1921,  especially  on  February  20  (Slipher,  1922). 
The  bright  edge  of  the  dark  side  was  not  detected.  In  E.  C.  Slipher’s 
conditions  it  is  evident  that  the  thickness  of  the  rings  is  leas  than 
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2-4  km.  Unfortunately  the  moment  of  the  ring-plane  passage  by 
the  Earth  was  missed.  If  it  was  not,  E.  C.  Slipher  could  still  see  the 
rings  precisely  edge-on  if  they  were  as  thin  as  0.5  km.  Such  favour¬ 
able  conditions  did  not  take  place  since  that  time,  but  the  passages 
of  1965-1966  will  be  very  favourable. 

Phase  effect  of  the  rixos  and  its  interpeetation 

I  should  like  to  remind  that  the  stellar  magnitude  of  the 
brightness  of  the  A-  and  B-rings  shows  a  pronounced  and  non¬ 
linear  phase  effect,  the  variation  of  magnitude  being  the  stronger 
the  less  is  the  phase  angle  a.  The  full  amplitude  of  the  effect  has  an 
order  of  0.5  magnitude  in  spite  of  the  fact  that  the  maximum 
value  of  the  phase  angle  cannot  exceed  6  ^  degrees.  As  the  role 
of  the  diffraction  scattering  is  small  the  phase  effect  may  be  inter¬ 
preted  in  terms  of  geometrical  optics. 

Seeliger  (1887,  1893)  was  the  first  who  developed  a  theory  of 
purely  geometric  collective  phase  effect  of  macroscopic  particles 
(shadow  effect  theory)  with  specia  lattention  to  Saturn’s  rings. 
Seeliger’s  assumption  that  the  Sun  may  be  treated  as  a  point 
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source  led  to  the  disagreement  of  his  theory  with  observations 
The  improved  shadow  theory  developed  by  the  author  (Bobrov, 
1940,  1951,  1952,  1954,  1956,  1959,  1960)  takes  into  account  finite 
angular  dimensions  of  the  solar  disc  and  the  scattering  of  higher 
orders.  New  theoretical  phase  curve  of  the  B-ring  was  computed 
and  it  was  foimd  to  be  in  good  agreement  with  observational  data 
(Bobrov,  1959,  see  Fig.  1). 

Hence  the  following  parameters  of  the  matter  of  the  rings 
may  be  obtained  ;  the  volume  density  D  has  an  order  of  3.10~*,  the 
total  mass  of  the  rings  varies  from  4.10“*  to  4.10“’ Mtj,  the 
average  radius  of  particles  ranging  from  10  cm  to  10  m.  It  was 
foimd  that  the  particles  of  the  B-ring  show  a  strong  individual 
phase  effect  with  the  phase  coefficient  of  about  0"'.024  pro  P  of 
phase.  This  is  an  evidence  of  the  fact  that  the  roughness  of  the 
particles  is  greater  than  that  of  the  Moon  and  Mercury  and  is  com¬ 
parable  to  that  of  some  asteroids,  such  as  Metida,  Nioba,  Meleta, 
Tyche,  Frigga  (see  Putilin,  1 953). 


The  shadow  effect  in  the  case  when  particles  are  of 

UNEQUAL  SIZE 


The  former  results  were  obtained  assuming  that  all  the  par¬ 
ticles  were  equal  in  size.  A  further  approximation  is  a  model  with 
particles  of  unequal  sizes  (Bobrov,  1961).  It  was  assumed  that  the 
radii  of  particles  have  a  dispersion  from  to  pt  which  may  be 
expressed  by  the  equation  :  dN  =  Kp~*  dp,  dN  being  the  number  of 
particles  with  radii  from  p  to  p  -f-  dp,  K  and  s-constants.  For  this 
model  a  general  formula  was  derived  for  b^lbm,  as  a  function  of  D, 
To  and  8,  6o  and  bat  denoting  the  brightness  of  the  ring  respectively 
at  opposition  («  =  0)  and  at  a  =  max,  D  being  the  volume  density, 
Tg  the  optical  thickness,  and  8  the  exponent  in  the  law  of  dispersion. 
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Numerical  computations  were  made  for  «  =  -,  3  and  ->  and 

2  2 


Tg  =:  0.7  and  1.0.  The  results  may  be  summarized  as  follows  : 
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1.  If  the  dispersion  interval  is  wide  (i.  e.  it  includes  not  only 
macroscopic  particles  but  also  fine  dust  with  down  to  10-*  cm), 
an  agreement  with  observations  (a  sufficiently  intensive  shadow 
effect)  may  be  obtained  only  for  s  <  3. 

2.  The  estimations  of  the  volume  density  D  of  the  B-ring 
found  with  the  model  without  dispersion  should  now  be  revised. 
The  new  values  will  be  higher  but  likely  not  more  than  by  one 
order. 


Recommendations  fob  ousebvebs 

The  observational  data  of  Saturn’s  rings  are  still  incomplete 
and  non-professional.  Further  observations  with  big  instruments 
are  very  desirable.  Of  special  interest  are  :  (a)  observations  of 
occultations  of  stars  by  rings,  (b)  observations  (including  at  high 
altitude  observatories)  at  the  moments  when  the  Earth  is  crossing 
the  ring-plane,  and  (c)  electrophotometry  of  the  phase-effect 
(rings  B  and  A). 
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61.  —  PHOTOMfiTRIE  DE  JUPITER  ET  DE  SATURNE 
A  PARTIR  DE  CLICHES  OBTENUS 
AVEC  LA  CAMERA  ELECTRONIQUE 


MoNiqnx  BELLIER,  Mabie-Fiiak90isk  DUPRE,  G^babd  WL£RICK, 
Jean  RCSCH  et  Jaoqttes  ABSAC 

Obtervatoire  de  Poris-Meudon  et  ObaiervtUoire  du  Pic  du  Midi,  France 

Introduction. 

Dans  le  cadre  d’une  etude  des  grosses  Planetes  au  moyen  de 
la  camera  ^iectronique  Lallemand,  nous  avuns  obtenu  des  cliches 
de  Jupiter  et  de  Satume  en  septembre  1960  et  juillet  1961.  Les 
premiers  r^ultats  de  cette  ^tude  ont  ^t4  pr^nt^s  lors  du  Deuxi^me 
S3miposium  sur  les  R^cepteurs  Photo^lectriques  d’lmages  (Londres, 
septembre  1961)et  nous  appellerons  article  I  cette  communication!*) 
Trois  photographies  electroniques  de  Satume  ont  ^t^  analyst 
par  Tun  des  auteurs  (’)  et,  a  I’heure  actuelle,  T^tude  d4taill4e  de 
I’ensemble  des  cliches  est  assez  avanc^. 

Dans  la  pr^sente  communication,  nous  nous  proposons  d’une 
part  de  rappeler  sch^matiquement  les  avantages  que  pr^nte  la 
photographie  ^lectronique  systeme  Lallemand  pour  I’^tude  des 
Planetes,  d’autre  part  de  signaler  quelques  r^ultats  nouveaux 
obtenus  A  partir  des  premiers  cliche. 

Pour  la  description  de  la  camera,  nous  renvoyons  aux  publi¬ 
cations  de  Lallemand  (*),  de  Lallemand  et  Duchesne  (*)  et  A  deux 
articles  plus  r^cents  (*•*). 

Rappel  des  pbopri^tes  de  la  photographie  ^lectronique. 

1.  —  Les  Electrons  emis  par  la  photocathode  sont  enregistr^s 
directement  dans  une  Emulsion  nucldaire,  ce  qui  garantit  les  per¬ 
formances  maximum. 

2.  —  On  enregistre  tovJtes  les  informations,  en  raison  des 
propri6t4s  suivantes  ; 
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a.  absence  de  seuil ; 

b.  rendement  41ev4  et  constant  :  10  photons  donnent  un 
photo41ectron,  qui  dohne  une  trace  C) ; 

0.  r^ponse  lin^aire,  en  raison  des  deux  propri4t4s  pr6o4dentes  ; 
la  density  est  proportionnelle  a  I’^clairement,  au  moins  aux  faibles 
density  (*•*) ; 

d.  photographie  lid^ie,  en  raison  de  la  oorrespondance  exaote 
entre  le  point  d’4mission  du  photo^lectron  et  sa  trace  dans 
sion. 

3.  —  L’^mulsion  ne  pr^nte  pas  de  voile,  et  les  tr6s  faibles 
density  peuvent  se  mesurer  correctement. 

4.  —  Les  trois  propri^t^s  pr4o6dentes  permettent  une  photo- 
m^trie  praise  dans  une  gamme  ^tendue  d’4clairement. 

InT^bIiT  de  la  PlIOTOORAPraE  ^LBCTRONIQUE  POPR  l’eTPDE 

DES  PlANETBS. 

En  photographie  plan^taire  classique  on  se  heurte  aux  diCB- 
ouit^  suivantes  ; 

a.  Poses  trop  longues  avec  brouillage  des  informations  par 
la  turbulence  atmosph^rique. 

b.  Emploi  d’^mulsions  rapides  &  grains  moyens  ou  gros  (pas 
assez  d’informations  enregistr^s). 

c.  Caract^ristique  d^favorable  de  I’^mulsion  :  si  les  parties 
brillantes  d’une  Plan^te  sont  correctement  enregisti^es,  les  parties 
les  plus  sombres  peuvent  ne  pas  etre  eiuegistr^  du  tout. 

La  photographie  41ectronique  permet  de  surmonter  ces  diffi¬ 
cult^.  Dans  Particle  I,  nous  avons  indiqu^  les  conditions  de  prise 
des  cliches  et  de  leur  analyse  :  instrumentation  photo^lectrique 
et  optique,  grandeur  des  images,  temps  de  pose,  microphotom4trie, 
etc. 
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Photom^trib  db  Jxtpitbb. 


Dans  le  mdme  article,  nous  avons  pr^sent^  deux  photographies 
de  Jupiter  prises  le  9  juillet  1961  et  les  courbes  de  variation  de  la 
brillanoe  suivant  I’axe  Nori-Sud  de  la  Plan^te.  loi  nous  oomparons, 
figure  1,  trois  coupes  Est-Ouest  d^duites  de  I’un  de  ces  cliches. 


Fig.  1 

La  premiere  coupe  a  iti  faite  suivant  le  diamitre  Equatorial  tandis 
que  les  deux  autres  suivent  le  milieu  des  bandes  tropicales  Nord 
et  Sud.  Comme  ces  diagrammes  sont  destinEs  4  la  mesure  de  Tassom- 
brissement  centre-bord  moyen,  nous  avons  omis  tons  les  petits 
accidents  morphologiques  bien  qu’ils  soient  caractEristiques  de 
la  surface  de  Jupiter.  Seules  les  variations  de  brillanoe  4  grande 
Eohelle  ont  EtE  oonset^Ees.  Pour  la  oomparaison,  nous  avons  ohoisi 
comme  point  de  rEfErence  un  point  du  bord  Est  oh  la  brillanoe 
est  les  6/10  de  la  brillanoe  maximum  de  la  rEgion  Equatoriale. 
Les  courbes  foumissent  les  rEsultats  suivants  : 
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a.  A  la  longueur  d'onde  utilis^e,  X  =  6860  A,  rasaombris- 

sement  eat  important.  Ainai  pour  r/R  =  0,0,  on  trouve  :  ~ 

0,45  B.„„. 

b.  On  peut  encore  meaurer  la  brillanoe  a  r/B  s=  0,06  et  il 
eat  poaaible  de  la  oalculer  plua  pr^  du  bord  en  faiaant  une  correction 
tenant  compte  dea  diversea  cauaea  d’^talement.  Nona  reviendrons 
aur  ce  point  lore  de  I’^tude  de  Satume. 

c.  L’aaaombrisaement  de  la  zone  4quatoriale  n’est  paa  trte 
diff(6rent  de  celui  dea  bandea  tropicalea.  On  remarque  aeulement 
que,  dana  le  caa  pr^nt,  la  diBa}rm4trie  entre  lea  borda  Eat  et  Ouest 
due  en  majeure  partie  4  la  pbaae,  aemble  un  peu  plua  prononc^e 
pour  la  zone  4quatoriaIe. 

II  reeaort  de  cette  premiere  analyze  que  lea  aocidenta  photo- 
m4triquea  de  la  aurface  de  Jupiter  aont  ai  importanta  qu'il  aemble 
aouhaitable  d’utiliaer  une  autre  m6thode  pour  determiner  I’aaaom* 
briaaement  centre-bord  :  on  peut,  par  oxemple,  prendre  une  aerie 
de  photographiea  de  la  Plan^te  etaieea  aur  une  demi  rotation  au 
moina  et  etablir  lea  courbea  d’aaaombriaaement  de  regiona  bien 
definiea  du  diaque. 

Photom^trie  dk  Satubnb. 

Noua  avona  montre  (*•*)  que  la  photographie  eiectronique  eat 
bien  adaptee  4  Tetude  photometrique  dea  anneaux  de  Satume, 
en  particulier  du  faible  anneau  de  crepe  C.  Dana  I’article  I,  noua 
avona  pubUe  pluaieura  photographiea  de  cette  Planete,  une  coupe 
photometrique  Eat-Oueat  et  le  modeie  correapondant  pour  lea 
anneaux.  D’autrea  coupea  Eat-Oueat  et  Nord-Sud  ont  ete  etabliea 
et  analyaeea  (*). 

Depuia,  il  noua  a  aemble  intereaaant,  4  titre  experimental, 
de  determiner  le  contenu  en  information  dea  clichea.  En  d’autrea 
termea,  noua  avona  oherche  quela  etaient  lea  plua  petita  detaila 
aignificatifa  dea  coupea  photometriquea.  Cette  recherche  ne  pre- 
aenterait  aucune  difihculte  en  I’abaence  dea  fluctuationa  duea  4  la 
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granularity  et  aux  dyfauts  de  I’ensemble  photooathode-ymulsion. 
Heureusement,  avec  les  ymulsions  &  grains  fins  Ilford  C  2  et  K  2, 
les  fluctuations  sont  peu  importantes  et  nous  avons  pu  tracer, 
avec  une  approximation  suffisante,  la  courbe  moyenne  que  Ton 
obtiendrait  en  Tabscnce  de  grain.  Nous  pensons  que  les  erreurs 
qui  se  sont  glissyes  dans  le  tracy  n’alt^rent  pas  sensiblement  le 
rysultat. 

La  planche  I  prysente  trois  tirages  diffyrents  du  cliohy  ytudiy 
id  et  la  figure  2  montre  la  coupe  Est-Ouest  correspondante.  On 
remarque  : 


a.  La  dissymytrie  Est-Ouest  du  disque  (phase). 

b.  La  difiPyrence  de  profondeur  de  la  division  de  Cassini  i 
I’Est  et  4  rOuest  (quality  difFyrente  des  images  aux  points  oon- 
sidyrys). 

0.  La  prysence  de  plusieurs  points  d’inflexion  en  partioulier 
dans  la  partie  intyrieure  de  I’anneau  B,  4  TOuest. 

A  Textyrieor  de  I’anneau  A,  les  pieds  de  la  courbe  correspondent 
4  rytalement  local  des  images  et  permettent  de  dyterminer  oelui-d 
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Phot()Kr»phi<’  <*lwtroiii<]U<‘  <!«•  Saturne  Fic  <lu  Midi  9  juiliet  1961. 
Liinefto  d(‘  6(1  rm  de  iliaiiietre  F/60  —  Plaqiiea  Ilford  K2  —  pose  1/2  sec. 
3  tirades  sur  papier  du  iiieine  ne^atif  oriKinal  —  le  tirape  le  pliis'biane  montre 

t'annean  de  crepe. 


i. 


si  on  fait  une  hypoth^se  sur  la  repartition  de  la  brillance.  Nous 
avons  admis  que,  k  la  limite  de  I’anneau,  la  brillance  passe  sans 
transition  d’une  valeur  finie  4  une  valeur  nulle. 


MoDELE  EN  CR^NBAUX.  PKEmBRE  M^THODE. 

Grace  4  rhypoth4se  preoedente,  nous  avons  obtenu  une 
fonotion  d’etalement  moyenne  et  admis,  en  premiere  approximation, 
sa  validite  pour  I’ensemble  de  la  coupe  Est-Ouest.  La  figure  3 
represente  oette  fonction  pour  une  ligne.  Dans  un  premier  ealoul, 


Fig.  3 
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noofl  avons  utilu^  la  oourbe  1.  Par  la  suite,  nous  nous  sommes 
servis  de  la  oourbe  2,  4  pied  plus  4tal6.  En  fiait  les  deux  oourbes 
oonduisent  4  dee  r^eultats  peu  difif4rente.  L’int4gration  de  la  oourbe  2 
oonduit  4  la  oourbe  de  la  figure  4  valable  pour  un  demi-plan.  Cette 
demi4re  oourbe  doit  presenter  le  m4me  pied  moyen  que  la  ooupe 
Est-Oueet  de  la  figure  2. 


Fig.  4.  —  Fonotion  d’4taleinent  pour  un  demi-plan. 


Comme  dans  I’article  I,  nous  avons  4tabli  un  module  en  or6- 
neaux  de  la  Plan4te.  La  m4thode  consiste  4  determiner  intuitive- 
ment  le  module,  4  I’etaler  et  4  verifier  a  posteriori  I’acoord  aveo 
la  ooupe  photometrique.  A  defaut,  on  teoommence.  Pour  le  present 
travail,  nous  avons  dispose  de  la  calculatrioe  IBM  650  de  I’Obser- 
vatoire  de  Paris-Meudon,  qui  opdre  un  calcul  d’etalement  en 
30  secondes  environ.  Nous  avons  pris  la  largeur  du  oreneau  eiemen- 
taire  4gale  4  OC'dO  et  nous  avons  pense  qu’il  etait  suffisant  pour 
retude  des  anneaux  de  cheroher  un  modeie  presentant  la  symetrie 
Est-Ouest. 

Le  modeie  moyen  de  la  figure  6  a  les  proprietes  suivantes  : 
a.  II  represents  mal  le  disque,  qui  est  dissymetrique  (phase). 
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b.  L’anneau  A  peut  6tre  d^orit  par  deux  or^neaux,  la  partie 
int^rieore  4tant  la  plus  briUante,  oomme  I’ont  not^  Lyot  (^*)  et 
Doixrus  (“). 


tit  Irtit  ^Itin  tttrbt  mtitrrr 


Fig  6 

0.  L’anneau  B  eet  bien  repr^nt^  par  3  or^neaux  de  largeun 
relatives  1/6,  1/5  et  3/6.  Leurs  separations  correspondent  4  dee 
divisions  mineures  prevues  par  la  Mecanique  celeste. 

d.  L’anneau  C  est  oonstitue  par  deux  oreneaux  de  largeur  2/3 
et  1/3  et  de  brillanoe  0,10  et  0,18,  I’unite  oorreepondant  au  point 
le  plus  brillant  du  disque.  Les  oalouls  etant  simples  et  rapides, 
nous  avonf  essaye  plusieurs  modeiee  pour  cet  anneau  (variation 
reguUere  de  brillance  de  0,10  4  0,16  ;  variation  reguliere  de  0,10  4 
0,18  avec  ou  sans  division  entre  B  et  C  ;  etc.).  Lee  autres  modeies 
ne  donnent  pas  un  accord  aussi  bon. 

MoDilLE  ES  CniNBAUX.  DKOXliMB  M^THODB. 

On  poiurait,  en  appliquant  la  methods  precedents,  oonstruire 
une  succession  de  modeies  representant  de  mieux  en  mieux,  ap^^s 
etalement,  la  courbe  experimentale.  Nous  avons  prefdre  opdrer  plus 


629 


^rst^matiquement :  ^tant  donii^  une  oourbe  exp^rimentale  d’une 
part,  une  courbe  d’^talement  d’autre  part,  nous  avons  utilise  une 
m^thode  de  calcul  permettant  de  restituer,  par  une  suite  d’approxi- 
mations,  la  oourbe  oorrespondant  4  un  Statement  nul. 

La  signification  de  ce  calcul  est  limit^e  par  les  deux  points 
suivants  : 

1°  Le  bruU.  II  reste  n^cessairement  du  bruit  dans  la  courbe 
exp^rimentale  liss^e  de  la  figure  2.  La  restitution  qui  redonne  leur 
valeur  propre  aux  details  r^ls  cr6e  done  aussi  des  details  artifioiels 
dfis  au  bruit. 

Ceci  conduit  4  d^finir  un  scull  au-dessous  duquel  on  consid^re, 
par  s6curit^,  que  les  details  ne  sont  pas  significatifs  et  on  arr6te 
le  calcul  de  restitution  d^s  que  I’^rt  entre  la  courbe  exp^rimentale 
et  la  courbe  restitute  puis  4tal4e  est  inf(^rieur  4  ce  scuil  en  chaque 
point.  Par  suite  le  probl4me  n’a  pas  une  solution  unique.  II  existe 
une  s^rie  de  solutions  differant  seulement  par  leur  structure  fine 
et  le  calcul  foumit  Tune  d’elles. 

20  La  turbulence  atmoapherique.  La  photographie  61ectronique 
des  ^toiles  doubles  nous  a  d(^i4  amen^  4  consid^rer  I’alt^ration  des 
images  par  la  turbulence  atmosph^rique  (>*■  **).  Avec  un  objectif 
de  60  cm  de  diametre,  I’alt^ration  instanton^e  est  bien  la  meme 
pour  des  directions  faisant  un  angle  dc  2  4  3"  mais  il  est  peu  pro¬ 
bable  qu’il  en  soit  ainsi  pour  des  directions  dix  fois  plus  4cart4e8. 

Cependant,  les  poses  sur  Satume  ont  dur^  une  demi-seconde 
et  ceci  conduit  par  integration  4  une  alteration  moins  heterogene. 
En  fait,  on  constate  que  I’etalement  de  I’image  est,  aux  erreurs 
de  depouillement  pres,  exactement  le  meme  aux  deux  points 
extremes  de  I’anneau  A.  Ceci  n’est  probablement  pas  entierement 
fortuit  et  par  suite  on  pent  esperer  que  I’etalement  a  ete  assez 
semblable  tout  le  long  du  diametre  principal  de  Satume. 

Le  programme  de  calcul  a  iti  etabli  par  Tun  de  nous  (J.  A.), 
qui  a  montre  la  convergence  de  la  methode  iterative  de  Vmi  Cittebt. 
Nous  avons  choisi  la  valeur  0,5  %  comme  seuil  oorrespondant  au 
residu  de  bruit  contenu  dans  la  figure  2  et  nous  avons  utilise  4 
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nouveau  un  module  en  cr^neaux  de  iargeur  414mentaire  0".40. 
Cette  dimension  s’est  r4v^l4e  tr^s  convenable  mais  une  discussion 
nous  a  montr^  depuis  que  des  cr^neaux  moins  larges  permettraient 
une  adaptation  plus  ais4e  aux  variations  rapides  de  brillanoe  de 
Satume.  Aveo  la  caloulatrice  IBM  650  le  oaloul  entier  dure  un  peu 
moins  d’une  heure. 

Les  r^sultats  apparaissent  sur  les  figures  6  et  7.  La  demi^re 
represents  la  solution  correspundant  au  seuil  choisi.  Elle  a  ete 
obtenue  apr^s  17  iterations  ce  qui  indique  que  la  convergence  n’est 
pas  tres  rapide.  La  premiere  qui  represents  le  resultat  k  un  stade 
intermediaire,  apres  8  iterations,  montre  que  la  restitution  est 
deje  terminee  k  oe  stade,  sauf  dans  quelques  regions  k  tres  forte 
pente  telles  que  la  partie  interieure  de  I’anneau  B  k  I’Ouest  ou  la 
division  de  Cassini  k  I’Est. 


>1 

SATURN r  S  wi.d  Coupe  pNOtomctri^u*  W.C  Corriqic  dcl'ttalcmtivt 


Fig.  6 

La  figure  7  conduit  aux  remarques  suivantes  : 

10  Les  bords  exterieurs  de  Tanneau  A  sont  assez  abrupts. 
La  fonction  d’etalement  utilises  est  done  une  bonne  approximation 
de  Celle  qui  corrrapond  k  rh3rpotheBe  faite. 
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Pig.  7.  —  S«tume  9.VII.01  Coupe  Photom^rique  W.E. 

ootrig^e  de  rdtalement.  —  Solution  obtenue  aprta  17  itdrations. 

29  Pour  ^tudier  les  dimensions  reUtives  du  disque  et  des 
snneaux,  nous  avons  pris  comme  r^f^renoe  la  division  de  Cassini. 
On  voit  alors  qu’U  exists  un  bon  accord  aveo  les  positions  tir^ 
de  TAmerican  Ephemeris,  port^  en  abscisse.  dependant  le  diamd- 
tre  Equatorial  du  disque  semble  un  peu  plus  petit  que  la  valeur 
admise. 

30  L’anneau  B  4  I’Ouest  preeente  deux  minima  qui  sont  liEs 
4  I’existenoe  de  points  d’inflexion  but  la  courbe  de  la  figure  2.  Le 
minimum  intErieur  a  EtE  observE  par  Lyot  (**)  et  par  Dollfos  (**) 
tandis  que  le  deuxiEme  coincide  avec  une  division  faible  prEvue 
par  la  mEcanique  cEleste. 

40  A  rOuest,  un  minimum  trEs  pen  profond  apparalt  4  la 
partie  extErieure  de  I’anneau  C,  4  un  endroit  04  Lyot  a  observE 
une  division  (“). 

50  A  I’Est,  I’anneau  A  prEsente  le  renforcement  de  brillance 
caraotEristique  de  sa  partie  interne  et  un  minimum  qui  correspond 
sans  doute  4  la  sErie  de  minima  notEs  par  les  observateurs  visuels. 

Ainsi  la  restitution  a  fait  appandtre  de  nombreux  dEtails 
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et  il  est  satiflfaiaant  de  oonstater  que  tons  oes  details  coincident 
avec  des  observations  visuelles  siires  ou  avec  des  pr^ctions  th4o- 
riques.  Mais  on  constate  aussi  qu’elle  n’a  pas  fait  apparaitre  les 
m^mes  structures  fines  4  I’Est  et  4  I’Ouest.  En  fait,  ceci  ^tait 
pr^visible.  On  constate  en  effet  sur  la  figure  2  que  si  les  cdt^s  Est 
et  Quest  sont  absolument  semblables  dans  leurs  grandes  lignes, 
ils  pr^ntent  oependant  de  petites  differences  qui  apr4s  restitution 
correspondent  4  des  structures  asses  caraoterisees.  Lc  cas  de  la 
division  de  Cassini,  dont  nous  savons  pat*  d’sutres  cliches  pris  au 
memo  moment  que  la  diss3rmetrie  apparente  entre  TEst  et  I’Ouest 
est  due  essentiellement  4  une  difference  dans  I’alteration  des  images, 
nous  incline  4  penser  plus  generalement  que  les  dissemblances 
observees  peuvent  etre,  pour  une  large  part,  attribuees  4  de  telles 
variations  de  I’alteration  d’un  point  4  un  autre. 

De  petites  eireurs  de  depouillement  ont  pu  jouer  egalement 
im  r61«.  Ainsi  la  methods  de  restitution,  4  jause  de  sa  puissance 
rndme,  exige  de  grandes  precautions.  Nous  pensons  Tappliquer 
ulterieurement  ave<'  une  precision  accrue  en  utilisant  en  particulier 
des  images  plus  grandes  pour  lesquellee  les  phenomenes  de  bruit 
deviendront  encore  plus  negligeables. 

Conclusion. 

La  photographie  eiectronique  des  planetes  presente  lee  pro- 
prietes  suivantee  ; 

a.  EUe  permet  d’obtenir  des  cliches  avec  des  poses  suffisam- 
ment  courtes  pour  que  la  turbulence  atmospherique  ne  brouille 
pas  les  informations. 

b.  Ces  cliches,  sur  lesquels  les  parties  sombres  sont  aussi  bien 
enregistrees  que  les  parties  brillantes,  se  prStent  bien  4  une  photo¬ 
metric  precise. 

c.  Us  contiennent  beaucoup  d’informations  et  il  est  possible 
de  mettre  en  evidence  leurs  details  fins  par  une  methode  poussee 
de  restitution  parce  que  le  niveau  de  bruit  dfi  au  grain  est  suffisam- 
ment  faible. 
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Nous  remeroions  Mademoiselle  Ghertzman  qui  nous  a  aid6s  & 

d^pouiller  oertaim  enregistrements  miorophotom^triques. 

RfiFfiRENCES 

(‘)  Q.  WlAbick,  J.  Rosch,  M.  F.  Dtrea^  et  M.  Bkixieb,  «  La  photographie 
^lectronique  des  plan6t«a  et  aes  applications  photom^triques  »,  Advaneea 
in  EUrtronica  and  Electron  Physics,  16,  371,  Academic  Press,  1962. 

(')  M.  F.  Dtrra^,  Photom^trie  de  Saturiie  k  partir  de  cliche  pris  aveo  la 
cantera  ^lectronique  (Dipl6me  d’£tudes  Sup^rieures,  Paris,  1962). 

(')  A.  Lai.i.kmawd,  Cohhptes  Remluti,  203,  243,  900,  1936. 

(*)  A.  LAi.i.Ei(Ain>  et  M.  Duchesne,  CrmpUs  Rendus,  233,  305,  1051 ;  235. 
603  ;  238.  335,  1954  ;  240,  1329,  1955. 

(*)  A.  Lallemand,  M.  Ditcbesne.  G.  VVl^bick.  Advances  in  Electronics  amd 
Electron  Physics,  12,  5,  Academic  Press,  Kew  York,  1960. 

(*)  A.  Lauleuand,  M.  Di'chesne,  G.  WlAbick,  R.  Auoabdb,  M.  F.  DufbA, 
AnnaUs  d' Astrophysique,  23,  320,  1060. 

(’)  A.  Laujcmano,  M.  DrcBESNE,  L.  Goudzahi.,  J.  Duixo  et  J.  Banaios, 
Comptes  Rendus,  248,  2101,  1950. 

(*)  P.  Vebnieb,  BuU.  Astron.  Obs.  Paris,  22,  83,  1958-69. 

(')  M.  Duchesne  et  P.  Meallet,  Comptes  Rettdus,  254,  1400,  1962. 

(*•)  B.  Lyot,  VAslronomie,  67,  12,  1963. 

(‘*)  A.  Dollfus  dans  «  Planets  and  Satellites  »  5dit4  par  G.  Kuipeb  A 
B.  Middlehubst,  p.  568,  University  of  Chicago  Press,  1961. 

(“)  J.  Rosch,  G.  WlAbick,  M.  F.  Dufb6,  Comptes  Rendus,  252,  p.  500, 1061. 

(**)  J.  Rosch,  G.  Wl^bice,  C.  Boussuoe,  Advances  in  Electronics  and 
Electron  Physics,  16,  357,  Academic  Press,  New  York,  1062. 


534 


52.  --  PREUMINARY  RESULTS  CONCERNING  THE 
ATMOSPHERIC  ACTIVITY  OF  JUPITER  AND  SATURN 


J.  H.  FOCAS 
Athtnt  Obaervatory,  Chrtece 


General 

With  regard  to  the  evolution  of  the  jovian  atmospheric 
phenomena,  the  following  precisions  can  be  made  : 

—  The  apparition  of  brilliantly  white  and  dark  matter  on 
Jupiter,  is  the  prominent  character  of  atmospheric  activity  on 
this  planet. 

—  The  apparent  amount  of  brilliantly  white  and  dark  matter 
gives  evidence  of  the  intensity  of  the  atmospheric  activity. 

—  The  knowledge  of  the  fine  structure  of  the  jovian  features 
allows  their  classification  by  forms,  brilliancy,  dimensions,  time  of 
apparition  and  life  time  within  the  cycle  of  activity  and  level  in 
the  atmosphere. 

—  The  study  of  the  ascending,  descending,  lateral  and  vortical 
motions  of  brilliant  and  dark  matter,  allows  conclusions  on  the 
dynamics  of  the  jovian  atmosphere. 

—  The  manifestations  of  atmospheric  activity  are  identical 
for  the  whole  planet  irrespectively  of  the  zenographical  latitude  ; 
the  scale  and  intensity  of  the  phenomena  vary  with  the  zenogra¬ 
phical  latitude. 

—  Distribution  and  motion  of  the  jovian  markings  as  a 
whole  characterize  a  zonal  circulation.  Meridian  circulation  in  the 
cells  is  evident. 

—  The  total  activity  on  the  planet  during  the  last  100  years 
seems  to  be  stronger  in  the  southern  hemisphere. 

—  The  minimum  intensity  of  the  total  activity  for  the  whole 
planet  seems  to  follow  a  20-22  years  cycle. 
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—  The  propagation  of  the  activity  by  starting  cycle  seems  to 
be  effected  from  40-45o  of  zen(^raphioal  latitude  towards  the 
equator  ;  it  changes  (opposite)  direction  in  the  course  of  the  20-22 
years  cycle. 

—  In  the  case  of  Saturn,  activity  shows  propagation  from 
46-600  of  cronographic  latitude  towards  the  poles. 

Obskbvational  data 

a.  Visual  observations  and  measures  taken  in  the  period 
1857-1962  by  :  different  observers  1857-1880 ;  Lohse,  Potsdam 
1881-1009  ;  British  Astron.  Assoc,  and  Lau,  1910-1923 ;  S.  Plakidis, 
Athens,  1924-1933  ;  J.  H.  Focas,  Athens  1933-1062. 

b.  Photographs  taken  by  :  B.  Lyot  and  H.  Camichel  (for  the 
most  part),  Pic-du-Midi  1914-1968  ;  J.  H.  Focas,  Athens  1963-1962. 

0.  Polarimetric  observations  taken  by  :  B.  Lyot,  Meudon 
1923-1926;  A.  DoUfus,  Pic-du-Midi  1961-1965;  J.  H.  Focas,  Athens 
1966-1961. 

Ck}IWBCTIOir  BETWIIN  Bltrr.T.TANT  ASD  DABK  MATTER  : 

—  The  white-yellowish  zones  of  Jupiter  examined  under 
perfect  seeing  conditions  with  a  high  resolving  power  show  a 
cumuliform  structure  of  approx.  1  sec.  arc  size.  This  is  the  aspect 
of  the  inactive  areas  and  should  not  be  confused  with  the  brilliant 
spots  of  a  few  seconds  of  arc  size,  characterizing  the  disturbed  areas. 

—  The  starting  stage  of  the  jovian  .  activity  is  cataclysmic. 
Paroxysm  is  manifested  by  the  apparition,  on  the  said  cumuliform 
ground,  of  brilliantly  white  spots  as  isolated  units,  couples  or 
families  ;  these  spots  appear  suddenly  on  one  or  more  points  of  the 
atmospheric  cells  ;  for  the  most  part  of  the  cases  paroxysm  propa¬ 
gates  along  the  axes  of  the  cells  oppositely  to  the  direction  of  rotation 
of  the  planet  (successive  apparition  of  such  spots  on  increawing  longi- 
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tades).  In  some  oases  the  disturbanoe  develops  simultaneously 
either  part  of  a  given  point  of  the  cell.  The  life  time  of  these  spots 
varies  from  a  few  days  to  several  weeks.  The  repartition  of  the 
energy  in  the  cells  seems  to  be  non  homogenous.  (Fig.  I  and  2). 

—  The  stage  following  the  paroxysm  is  marked  by  the  appa¬ 
rition  of  dark  nodes  at  the  foUowing  end  of  the  brilliant  spots  ;  dark 
matter  as  a  rule,  follows  brilliant  matter.  The  dark  nodes  are  the 
emanation  points  of  dark  filamentary  strips.  Such  strips  moving 
polewards,  oppositely  to  the  diiection  of  rotation  of  the  planet, 
spread  along  the  axes  of  the  cells  and  result  into  dark  belts.  At  this 
initial  stage  the  belts  reach  their  maximum  darkening.  The  longi¬ 
tudinal  distribution  of  dark  matter  in  the  cells  is  closely  connected 
with  brilliant  matter. 

Time  elapsed  between  the  apparition  of  brilliant  matter  and 
the  formation  of  the  belts,  in  principle,  does  not  exceed  one  year 
(Fig.  3). 

—  The  stage  following  the  formation  of  the  belts  is  character¬ 
ized  by  the  apparition  by  intervals,  of  brilliant  spots  in  the  middle 
of  the  dark  or  semi -dark  belts  or  at  their  boundaries.  Brilliant  matter 
appearing  among  dark  matter  provokes  a  pressional  effect  and 
deviation  of  the  latter ;  dark  belts  become  suddenly  broader  when 
brilliant  matter  appears  along  their  central  axis.  Brilliant  matter 
appearing  at  the  boundaries  of  the  belts  provokes  curvature  of  the 
components  inwwds. 

The  apparition  of  bright  matter  and  the  resulting  deviation 
of  dark  matter  denote  ascending  motion  of  bright  matter  in  the 
cells. 

—  In  the  case  of  narrow  bands,  bright  spots  appear  first 
below  the  bands,  these  latter  being  projected  in  front  of  the  bright 
spots  ;  in  their  ascending  motion  the  bright  spots  break  the  bands 
up. 

—  Dark  bands  are  broken  up  by  bright  spots  being  in  lateral 
motion.  (Fig.  6  and  6). 
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—  Dark  nodes  created  at  the  boundaries  of  brilliant  spots  are 
the  emanation  points  of  narrow  strips  of  a  spiral  aspect.  Such 
brilliant  spots  and  strips  as  a  whole  characterize  a  vortex  system. 

Dark  matter  being  at  the  vicinity  of  bright  spots  in  vortical 
motion  is  attracted  towards  the  bright  spots  as  by  a  suction  effect. 

—  Filamentary  strips  connected  with  brilliant  spots  in  vortical 
motion  are  visible  up  io  the  circumpolar  areas  of  Jupiter,  more 
pronounced  in  the  equatorial  and  adjacent  areas,  less  pronounced 
in  high  latitudes  due  to  absorption.  Such  formations  on  Saturn, 
thanks  to  the  favourable  inclination  of  the  axis  of  rotation  of  this 
planet,  are  visible  up  to  the  poles. 

Strips  develop  under  a  screw-like  form.  Strips  created  in  one 
hemisphere  are  sometimes  crossing  the  equator  and  ride  belts  in 
the  opposite  hemisphere  ;  they  are  moving  at  higher  levels  than 
the^belts  ;  proper  motion  of  these  items  is  peculiar. 

—  Strips  characterize  an  epigenic  stage  of  activity  in  the 
cells  after  maximum. 

Strips  created  at  the  boundaries  of  bright  spots  are  deviated 
and  attracted  towards  new  bright  spots  emerging  at  their  vicinity. 

—  Evolution  of  strips  is  rather  slow.  Their  life-time  ranges 
from  a  few  days  to  three  months. 

—  Strips  remain  visible  after  disappearance  of  the  brilliant 
spots  from  which  they  emanate.  They  seem  to  be  the  residue  of 
decreasing  activity. 

Strips  having  vanished  by  decreasing  activity  may  suddenly 
become  stronger  than  previously  as  a  result  of  revival  of  the 
activity  at  the  same  area  of  the  cell.  (Fig.  7  to  12). 

—  Their  fine  structure  shows  that  strips  consist  of  discontinued 
dark  blocks  ranged  a  screw-like  form. 

—  The  Red  Spot  or  Pseudo-Red  Spots  show  by  starting  acti¬ 
vity  an  alternation  of  brilliant  and  dark  matter  followed  by  pres- 
sional  effects,  vertical,  vortical  and  lateral  motions  ;  by  decreasing 
activity  they  become  dark.  Their  fine  structure  shows  fractional 
dark  masses  in  motion,  vanishing  progressively.  (Fig.  13  to  23). 
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—  South  Tropical  Disturbance  shows  an  alternation  of  bright 
and  dark  matter  in  longitudinal  expansion  along  the  axis  of  the 
corresponding  cell. 

—  The  Red  or  Pseudo-Red  Spots  and  the  South  Tropical 
Disturbance  seem  to  constitute  one  and  the  same  disturbance 
phenomenon  in  the  corresponding  cell  with  various  manifestations. 

—  Dark  belts  or  bands  after  maximum  darkening  vanish 
progressively  ;  blocks  of  dark  matter  disappear  and  the  belts 
take  the  form  of  a  solenoid  with  two  distinct  components  ;  these 
components  in  turn  become  very  faint  and  narrow  ;  they  remain 
visible  for  a  long  time  with  intermittent  disappearance  by  localities 
and  vanish  progressively  as  if  they  were  seen  through  a  transparent 
or  semi-transparent  medium  of  increasing  thickness  ;  polarization 
measured  on  dark  belts  shows  variation  for  the  same  angles  of 
sight  of  the  overlying  absorbing  atmospheric  layer,  due  to  descend¬ 
ing  motion  of  the  dark  matter  in  the  cells.  Ascending  and  descending 
motions  in  the  cells  speak  for  a  meridian  circulation. 

-  The  drift  of  the  belts  (Fig.  4)  of  Jupiter  in  latitude  during 
the  |»eriod  1875-1961  shows  the  following  periodicities  : 


HoutAem  hemisphere 

System  II 

Deviatiem  {M — m) 

—  S.  S.  T.  B. 

approx.  12-15)/. 

approx. 

6-8° 

—  S.  T.  B. 

»  14-16* 

> 

3-4 

—  S.  E.  B.  south  edge 

»  4-6  * 

» 

3-4 

EqwUorial  Zone 

System  I 

—  8.  E.  B.  north  edge 

approx.  12-16  g. 

» 

3-4 

—  N.  E.  D.  south  edge 

»  12-16* 

» 

3-4 

Northern  hemisphere 

System  II 

—  N.  E.  B.  north  edge 

approx.  3-6  y. 

* 

S-6 

—  N.  T.  B. 

*  10-14 » 

» 

3-4 

—  N.  N.  T.  B. 

*  12? 

» 

4-8 

The  drift  of  the  belts  in  latitude  seems  to  be  connected  with 
the  cycle  of  activity  in  the  corresponding  atmospheric  cells  ;  criteria 
concerning  the  meridian  circulation  in  the  cells  may  roughly  be 
established  therefrom  (Pig.  30). 
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Cyclb  of  atmospheric  activity 


—  The  apparent  amount  of  dark  matter  is  the  product  of 
atmospheric  activity  on  Jupiter.  Observational  material  covering 
approx,  nine  revolutions  of  the  planet  (1857-1961)  allows  tentative 
conclusions  as  regards  the  cycle  as  per  which  the  activity  in  the 
jovian  atmosphere  develops.  (Figures  24  to  29). 

—  The  minimum  total  activity  fur  the  whole  planet  is  produced 
according  to  a  20-22  years  cycle.  During  this  cycle,  activity  in 
individual  cells  shows  one  or  two  maxima. 

—  An  inversion  is  shown  as  regards  the  intensity  of  activity 
in  adjacent  belts  at  a  given  time  ;  when  f.  i.  the  S.  T.  B.  is  strong 
the  S.  E.  B.  is  faint  and  vice-versa.  The  same  is  noted  in  the  northern 
hemisphere. 

—  It  seems  that  by  starting  cycle  the  activity  propagates  from 
the  higher  latitudes  towards  the  equator  and  changes  direction 
during  the  20-22  years  cycle.  In  the  case  of  Saturn  activity  shows 
propagation  from  45-50o  latitude  towards  the  pole. 

—  The  total  intensity  of  the  activity  seems  to  be  slightly 
higher  in  the  southern  hemisphere  of  Jupiter. 
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JUPITKR  :  FORMATION  OF  THK  BELTS. 


Fiji.  1.  Within  th»-  reinuinini!  faint  and  narrow  eomponents 
Fi(t.  I  a)  of  the  Itelt  of  the  previous  eycle.  eataelysmie  activity  starts. 


3.E.B.  19%^  A«<.  26. 


f6*  Xefr.AthanirJ.H.P. 


Fig.  2.  Brilliant  isolated  spots  or  groups  of  spots  in  ascending 
motion  appear  along  the  axis  of  the  belt,  followed  by  dark  nodes. 


JUPITER  :  EVOLITTION  OP  THE  BELTS. 


Ki^.  .‘i.  .Stri|>M  atiil  blocks  of  ilark  iniitKT  i>nianatin):  from  ilark  nodett, 
moving  |M>|cuai‘<ls  op|>ositcly  to  thi'  din'ction  of  rotation  of  the  planet, 
spread  alonu  the  axi“s  of  tin*  cells  and  fonii  th(>  Isdts. 


Fig.  4.  End  of  the  activity  in  the  8.E.B.  (a).  There  remain  traces  of  the 
components  of  the  belt.  A  large  bright  area  in  ascending  motion  appears 
below  the  south  component  of  the  S.E.B.  lying  at  a  higher  level. 


JUPITER  :  ASCBNDlNti  MOTIONS  OF  BRIOHT  MATTER  IN  THE  CELLS. 


Fi*.  5.  Brilliant  siwts  in  ascemlinn  motion  broke  up  the  Kqustorisl  Band 
and  the  N.N.T.B.  Deviation  of  dark  matter  as  a  result  of  the  action  of  such 
brilliant  spots  is  obvious. 


Fig.  6.  —  Brilliant  spots  in  ascending  motion  broke  up  the  S.  T.  B. 
and  the  S.  E.  B.  s.  e.  provoking  displacement  of  dark  matter. 


Athens 


Dark  KlHiiu'ntary  Htripn  characterize  ai>  epitjenic  slant'  of  activity  in  the 
cells  (after  ninxiniiim)  ;  they  are  recorilt'ii  in  active  art'aa  all  over  the  planet. 
They  emanate  front  tiark  noth's  followinn  brilliant  spots  emerging  through 
the  dark  hoiintlaries  of  the  bt'lts. 

Strips  tlevelop  under  a  seri'W  like  form,  cross  the  equator  and  oceasionallj' 
ride  belts  in  the  op|)osite  hemisphere,  moving  at  a  higlier  level  than  the  belts. 

Strips  are  shiftt<d  over  brilliant  s)>ots. 

Strips  remain  sometimes  visible  after  disapitearance  of  th<'  brilliant  spots 
and  notles  from  which  they  emanate.  -  Kevival  of  strijis  is  ofteti  recorded. 

The"  life-time  of  the  strips  ranges  l-elwt't'n  a  few  ilays  and  months. 


JUPITER  :  EVOLUTION  OF  A  PSEUDO-BED  SPOT  IN  THE  SOUTH  TROPICAL  ZONE. 
(TYPICAL  EVOLUTION  OF  A  CENTRE  OF  ACTIVITY  ON  JUPITER). 

16"  O.  <i.  Athens  --  J.  H.  F. 
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Briuht  spot  (1)  is 
followed  by  dark  mat¬ 
ter  (2)  and  a  c  hollow  » 
is  forrneil. 

Dark  filamentary 
strips  (4)  in  vortical 
motion  appca.’  at  the 
disturbefl  centre.  The 
iS.  K.  B.  H.  e.  (5  and 
7)  are  attracted  to¬ 
wards  the  disturbed 
urea. 

Blocks  of  dark 
matter  (6)  are  ac- 
eiimiilutod  close  to 
bright  spot  (1). 

The  .S.  T.  B.  is 
brok<“n  uj)  b\-  bright 
sjs)t  ( I )  mo\  ing  south¬ 
wards  (16  May). 

•A  new  bright 
s|>ot  (N)  appears  close 
to  ( 1 ) ;  th(*  distufbanoe 
centD'  seems  to  move 
in  S\V  din'ction  (18 
.May). 

Fragments  of  the 
8.  T.  B.  and  S.  K.  B. 
s.  e.  and  blocks  of  the 
initial  ilark  spot  (2), 
con\'erge  towards  the 
disturbance  centre  (9) 
moving  in  S,  VV.  direc¬ 
tion.  (11  June). 

—  The  activity  cea¬ 
ses  and  the  8.  T.  B. 
(10)  takes  its  regular 
aspect  again ;  dark 
masses  progressively 
vanishing  persist  at 
the  place  of  the  distur¬ 
bance. 


Fig.  13 


JUPITER  :  Cyi'LE  (■ 


!  VEAHB)  OF  ACTIVITY  IN  THE  RED  SPOT’S  AREA. 
18"  REFRACTOR  ATHENS. 


Fig.  IH 


Fig.  19 


t»W  »tay  19 


Fi({.  20 


Fi^.  22 


1939  July  16 


Fig.  21 


Fig.  23 


Fig.  14  to  23 


The  Red  Spot's  system  is  a  centre  of  periodical  (approx.  11  years) 
activity  closely  connected  with  the  activity  manifested  in  the  corresponding 
atmospheric  cell  in  which  the  south  edge  of  the  S.  E.  B.  is  produced  ;  it 
extends  symmetrically  eitherside  of  the  S.  E.  B.  s.  e.  (axis  of  the  cell)  and 
shows  the  typical  alternation  of  brilliant  and  dark  matter  characterizing  the 
activity  throughout  the  planet. 

By  ending  activity  the  R.  S.  is  at  limit  of  visibility  or  invisible,  which  is 
the  case  fur  the  S.  E.  B.  to  (Fig.  14). 

By  starting  activity,  at  the  place  of  the  vanished  or  disappeared  R.  S. 
appear  brilliant  spots  and  dark  strips  converging  towards  theoe  latter,  the 
8.  E.  B.  being  under  formation  as  per  the  same  mechanism  (Fig.  15). 

The  evolution  of  the  activity  in  the  Red  Spot’s  area  shows  pressional 
effects  permanently  on  the  8.  E.  B.  s.  e.  (Hollow)  and  sometimes  on  the 
8.  T.  B.  (cur\-ature  of  the  belt,  meridian  displacement  of  the  centre  of  gravity 
of  the  system  Fig.  17,  18,  19)  attraction  of  dark  matter  towards  the  disturbed 
area  as  by  suction  effect  and  vortical  motions  of  dark  stripe  around  brilliant 
spots  (Fig.  17,  18,  19  and  23)  as  w-ell  as  displacement  of  blocks  of  dark 
matter  in  the  Red  8pot  (Fig.  20  and  21). 

The  pinkish-red  w  rosy  aspect  of  the  Red  Spot  of  a  rather  uniform 
tonality  is  the  residue  of  the  activity  in  the  area  (Fig.  22  and  23). 

The  manifestations  of  the  activity  in  the  Red  Spot’s  area  characterize 
a  long-lived  vortex  system  with  peculiar  proper  motion  in  longitude.  Pseudo- 
Red  Spots  (Fig.  24)  occasionally  appearing  in  the  sanoe  atmospheric  cell, 
characterize  a  rather  short  lived  (a  few  months)  vortex  system  developing 
as  the  classical  Red  Spot. 

(The  above  aspects  belong  to  different  cycles ;  they  are  destined  to 
illustrate  roughly  the  evolution  of  the  activity  in  the  R.  S.  area  during  an 
average  cycle). 


JUPITKB  ;  OYCUC  or  ATMOSPHERIC  AOTlVITy 


Fig.  24.  —  Minimum  eietivity.  1943  Dec.  17  —  25"  O.  G,  Pic.du>Midi  B.  Lyot 


Fig.  25.  —  Maximum  aetivity.  1945  Harch  20.  —  25"  O.  G.  Pio-4u.Midi 

H.  Camiohel 


Fig.  26.  —  Aeiivitff  approaching  minimum.  1961  Augunt  4.  — 

25"  O.  U.  Pic-dU'Midi.  —  M.  Marin. 

(dinplaceinent  of  the  activity  in  the  Equat.  Zone.  The  8.  T.  B.  ia  attracted 
towards  the  muthem  boundary  of  the  Red  Spwt) 


JUPITER  :  MAXIMUM  AND  MINIMUM  ATMOSPHERIC  ACTIVITY 


The  vnn  ing  amount  of  brilliant  anil  dark  matter  on  the  planet  is  a  criterium 
of  the  intensity  of  atmosph.  activity. 

Fig.  20.  Maximum  aetivity. 

Fig.  27.  Minimum  activity  (whole  planet)  ;  every  20-22  years. 
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TIk*  jilxnc  jrraph  is  u  tantative  illustration  f)r  the  variation  of  tho 
ititonsity  of  the  arntr>sj)h<*ric  activity  in  the  two  hcinispltcros  of  .Jupiter  ;  it 
shows  rouvrhiy  tlie  avenitre  annual  intensity  of  tin*  belts. 

.A  ininiinuin  totai  activity  for  the  whoU>  plancM  seems  to  occur  every 
20-22  years.  Durin;'  tJtis  cycle,  tlte  activity  in  the  main  atmosjiheric  cells 
shows  one  or  two  ma.xima.  .An  inversion  is  noted  repirdinj;  th(‘  intensity  of 
activity  in  a.djacent  belts  (.S.  'f.  H.  .-tmnjf  S.  K.  J3.  faint  or  X.  T.  B.  faint 
X.  K.  B.  strong;  and  vice-versa).  It  seems  that  by  startinj;  cycle  the  acti- 
\  ity  propagates  from  the  higher  latitudes  towards  the  Kc|untor. 

Ijocali'/ation  of  the  activity  in  the  l'](juatorial  Zoni’  has  been  noted  in 
ISS1-ISS.‘{  (I‘’c|uatorin!  Zone  including  the  S.  K.  B.  th(“  X.  10.  B.  being  faint) 
and  in  10(51-19(52  ( JOcpiatorial  Zone  imduding  the  X.  10.  B.  tlu'  S.  10.  I?, 
being  faint  ). 


53.  —  ON  THE  SPECTRUM  OF  SATURN 


Guido  MUNCH 

Mount  WUaon  and  Palomar  Oboervatories 
Carnegie  Institution  of  Washington,  U.  S.  A. 

and 

Hybom  SPINRAD 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology,  U.  S.  A. 

It  has  been  recently  discovered  (Spinrad  1962)  that  the  NH| 
lines  observed  in  the  spectrum  of  the  equator  of  Jupiter  have  tilts 
differing  significantly  from  what  would  be  expected  from  the 
inclination  of  the  scattered  Fraunhofer  lines.  In  order  to  find  out 
the  true  nature  of  this  remarkable  phenomenon,  we  have  studied  the 
inclination  of  the  Fraunhofer  lines  and  of  the  CH4  lines  shown  by 
the  spectrum  of  Satimn  on  plates  being  taken  currently  with  the 
Mt.  Wilson  and  Palomar  Coud4  spectrographs.  A  Mt.  Wilson  plate, 
obtained  on  May  17,  1962,  with  the  72  inch  camera  and  a  grating 
with  900  grooves  per  mm,  covers  the  yellow-red  second  order  with 
dispersion  of  2.85  A /mm.  The  slit  of  the  spectrograph  was  placed 
along  the  apparent  major  axis  of  the  ring  system,  and  it  is  thus  the 
trace  of  the  planet  surface  with  a  plane  containing  the  equatorial 
nodes  and  a  point  at  =  4-  18°  latitude.  Although  the  plate  is 
somewhat  underexposed,  repeated  independent  measures  of  the 
inciinations  a  (0)  and  a  (CH4),  the  Fraimhofer  lines  and  of  the 
strongest  CH4  features  in  the  X  6190  band,  with  respect  to  the  Fe 
comparison  spectrum  or  the  terrestrial  H«0  lines,  give 
a  (0)  =  6006  and  *  {CH4)  =  3036 
The  relative  value  of  the  velocity  difference  between  the  material 
scattering  the  Fraunhofer  spectrum  and  the  CH4  gas  is  then 

,  =  2  *  —  1  =  0.10  (1  ±  0.6) 

«{0) 

The  probable  error  here  given  has  been  derived  from  the  inter¬ 
nal  agreement  of  the  various  determinations,  some  made  directly 
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with  a  reticle-protractor,  others  by  measures  of  differences  in  wave¬ 
length  between  the  lines  at  both  limbs  of  the  planet. 

The  Palomar  plate,  obtained  with  the  144-inch  camera  with 
the  slit  parallel  to  the  major  axis  of  the  ring  system  and  passing 
approximately  through  the  points  —  +  10°  at  the  central  meridian 
has  a  dispersion  of  3.42  A/mm  and  a  linear  scale  of  6".65  mm-‘. 
The  region  of  the  X  6190  band  of  CH4  in  this  plate  is  shown  in 
Figure  1 ,  where  it  can  be  seen  that  many  lines  appear  sharp  enough 
to  be  measured  for  wavelength  with  great  accuracy.  Several 
independent  determinations  of  the  quantity  e  defined  above,  give 
consistently  values  very  close  to  0.1,  with  a  relative  probable  error 
around  fifty  {ler  cent.  The  actual  results  of  the  various  measures  and 
description  of  the  procedures  followed  will  be  published  later. 
For  the  time  being  we  wish  to  point  out  that,  unlike  the  case  of 
NH,  in  Jupiter,  where  it  was  found  e  =  —  0.3,  the  CH4  layers  in 
Saturn  appear  to  be  rotating  faster  than  the  layers  scattering  the 
Fraunhofer  spectrum  by  about  ten  per  cent. 

In  the  course  of  the  preliminary  inspection  of  the  two  Saturn 
plates  referred  to  abov'e,  two  sharp  lines,  absent  in  the  Fraunhofer 
spectrum,  have  been  measured  at  XX  6453.03  and  6367.80  A.  These 
two  features  should  be  identified  with  certainty,  with  the  S(0)  ani 
S  (1)  lines  of  the  4^0  quadrupole  rotation-vibration  band  of 
molecular  hydrogen,  as  predicted  long  ago  by  Herzberg  (1938). 
The  inclination  of  these  lines  is,  within  the  uncertainty  of  measure¬ 
ment,  half  that  of  the  Fraunhofer  lines. 
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64.  —  RESULTS  OP  RECENT  DECAMETER- WAVELENGTH 
OBSERVATIONS  OF  JUPITER 


Alex.  G.  SMITH,  T.  D.  CARR,  and  X.  F.  SIX 
Department  of  Phyaica  and  Aatronomy,  Univeraity  of  Florida,  U.  S.  A. 

and 

Alaipu  Radioaatronomieal  Obaervatory,  Univeraity  of  Chile 

Recently  P.  A.  Sturrook  (1962)  published  a  list  of  no  less  than 
five  energy  sources  capable  of  generating  electromagnetic  waves 
in  the  terrestrial  magnetosphere.  At  the  same  time,  Sturrock  dis¬ 
cussed  a  total  of  seven  mechanisms  for  converting  energy  from 
these  sources  into  radiation.  The  various  energy  sources  and  con¬ 
version  mechanisms  are  listed  in  Table  1. 

I'ABLE  1 

Mechaniama  for  the  Oeneration  of  Planetary  Radio  Noiae 

\ 

Energy  Sources  I  Conversion  Mechanisms 


1 .  Energpt  ic  electrons  in  Van  Allen 

belts 

2.  Solar  wind 

3.  Bursts  of  energetic  particles  from 

the  sun 

4.  Shock  waves  of  solar  origin  in  the 

interplanetary  medium 
6.  Rotational  energy  of  the  planet 


1.  Cyclotron  or  synchrotron 

radiation 

2.  Plasma  oscillations 

3.  Magnetohydrodynamic  waves 

4.  Acoustic  waves 

6.  Cerenkov  radiation 

0.  Travelling-wave  amplification 

7.  Excitation  of  whistler  modes 


There  is  no  apparent  reason  why  this  listing  should  not  be 
equally  applicable  to  the  generation  of  decameter  radio  noise  in 
the  vicinity  of  Jupiter.  It  is  evident  from  Table  1  that  the  number 
of  possible  combinations  is  quite  large.  In  fact,  one  might  be  said 
to  have  an  embarassment  of  riches.  Clearly,  if  we  8U%  to  distinguish 
between  all  of  these  sources  and  all  of  these  mechanisLus,  it  is 
necessary  to  examine  the  details  of  the  radiation  with  great  care. 

One  important  clue  is  certainly  the  number  and  zenographic 
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distribution  of  the  decameter  radio  sources  on  or  about  Jupiter. 
In  his  pioneering  work  in  this  field  C.  A.  Shain  (1966)  reoc^^nized 
only  one  source.  Later  Gallet  (1961)  wrote,  *  At  least  four  main 
sources  can  be  distinguished,  but  a  more  complex  pattern  probably 
exists,  made  up  of  weaker  sources  that  cannot  be  separated...  ». 
In  our  own  publications  we  have  generally  referred  to  three  sources, 
which  have  been  designated  by  the  letters  A,  B,  and  C.  (Carr  et  al. 
1961).  Lately  we  have  been  re-examining  this  question,  using 
computer  techniques  to  combine  and  smooth  all  of  the  available 
data  from  our  observatories  in  Florida  and  Chile  in  order  to  obtain 
the  best  possible  representation  of  the  sources. 


Fig.  1.  —  Smoothed  probability  pro&le  for  Jovian  aouroea  at  18  Mo/b.  The 
longitude  system  used  is  the  radiofrequency  System  III  (Carr  et  al  1961). 


Although  this  work  is  not  yet  completed.  Fig.  1  is  t3q)ioal  of 
the  present  results.  The  figure  is  derived  from  a  histogram  in  which 
the  probability  of  receiving  18  Mc/s  radiation  has  been  plotted  as 
a  function  of  the  longitude  of  Jupiter’s  central  meridian.  A  6" 
longitude  interval  was  used  in  the  original  histogram,  and  a  three- 
point  average  has  been  employed  in  obtaining  the  smoothed  curved 
of  Fig.  1.  The  probability  peaks,  of  course,  imply  the  existence  of 
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directional  sources  at  the  longitudes  of  the  peaks.  One  quite  per¬ 
sistent  feature  of  the  new  profiles  is  that  the  B  source  generally 
appears  to  be  broadened,  and  in  many  cases  it  is  at  least  partially 
resolved  into  two  peaks.  As  the  dashed  curves  suggest,  there  is  a 
strong  implication  that  Gallet’s  count  of  « foiu*  main  sources  » 
was  correct.  Since  most  of  the  theories  dealing  with  the  mechanism 
of  the  radiation  connect  the  sources  with  the  geometry  of  Jupiter’s 
magnetic  field,  it  seems  possible  that  not  one,  but  two,  magnetic 
dipoles  are  involved.  It  is  also  significant  that  in  no  case  is  the 
spacing  between  the  peaks  in  Fig.  1  very  close  to  ISO",  implying 
that  the  dipoles  are  eccentric  with  respect  to  the  axis  of  rotation 
of  the  planet. 

A  second  clue  to  the  origin  of  the  Jovian  radiation  is  provided 


Fig.  2.  —  Curve  showing  the  peroentage  of  observing  periods  during  which 
Jovian  radiation  was  received  in  a  three-month  period  near  the  middle  of 

the  1961  apparition. 

by  the  variation  in  its  intensity  with  frequency.  Our  data  indicate 
that  the  strongest  bursts  at  5  Mc/s  correspond  to  a  received  flux 
of  10-^'  w/m*/ops,  which  is  comparable  to  fairly  intense  solar 
bursts.  Preliminary  estimates  based  on  the  1961  data  show  that  the 
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intensity  declines  as  the  —  3.6  power  of  the  frequency.  This  spectral 
index  is  far  smaller  than  that  of  the  galactic  background,  which  has 
an  index  of  about  —  2.0  in  the  decameter  range.  It  is  also  much 
smaller  than  the  indices  of  the  discrete  sources,  which  generally 
range  from  —  0.3  to  —  2.2.  The  latter  fact  somewhat  vitiates  the 
suggestion  of  the  Stroms  (1962)  that  Jupiter  is  merely  focussing 
upon  the  earth  energy  which  actually  comes  from  a  background  of 
discrete  sources. 

Fig.  2  shows  a  simple  plot  of  the  percentage  of  observing 
periods  during  which  signals  were  detected  at  various  frequencies 
by  our  two  observatories.  It  should  be  noted  that  10  Mc/s  signals 
were  observed  in  a  full  80  %  of  the  periods,  while  28  Mc/s  radiation 
was,  as  usual,  relatively  infrequent.  The  most  striking  feature  of 
the  curve,  however,  is  the  implied  sharp  cut-off  near  30  Mc/s.  If 
the  radiation  is  cyclotron  emission  from  electrons  trapped  in 
Jupiter’s  magnetic  field,  as  we  have  suggested  elsewhere  (Smith  et 
'al,  1962),  this  cut-off  establishes  an  upper  limit  of  about  10  gauss 
for  the  region  of  the  magnetic  field  which  is  ordinarily  accessible  to 
the  particles.  Occasional  observations  of  radiation  at  slightly 
higher  frequencies  can  be  explained  os  the  result  of  electrons 
on  unusual  trajectories  which  carry  them  deeper  into  the  polar 
magnetic  fields. 

For  a  number  of  years  Jupiter  observers  have  been  aware  of  an 
apparent  inverse  correlation  between  sunspot  numbers  and  the 
general  activity  of  Jupiter  in  the  decameter  region.  In  the  past 
the  writers  have  demonstrated  this  effect  by  computing  a  planet¬ 
wide  probability  of  emission,  averaged  over  all  longitudes  and  over 
an  entire  observing  season  (Carr  et  al.  1961).  We  have  now  extended 
this  analysis  through  the  1961  apparition,  which  included  a  full 
twelve  months  of  observations.  As  Fig.  3  shows,  the  new  data  are 
consistent  with  the  previous  trend.  It  begins  to  appear  that  this 
negative  correlation  is  more  than  fortuitous,  although  it  is,  of 
course,  desirable  to  continue  the  observations  throughout  ui  entire 
sunspot  cycle.  Several  investigators  have  reasoned  that  the  effect 
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may  be  due  to  the  aoreening  action  of  a  Jovian  ionosphere  which, 
like  that  of  the  earth,  increases  in  density  near  sunspot  maximum. 
In  this  connection  it  is  perhaps  disappointing  that  the  22  Mo/«  data 
follow  a  curve  of  precisely  the  same  shape  as  the  18  Mc/s  curve. 
Warwick  (1960)  has  made  the  ingenious  suggestion  that  inter¬ 
planetary  space  itself  may  become  effectively  more  opaque  around 
sunspot  maximum  because  of  the  presence  of  diffusing  or  scattering 
clouds  of  solar  plasma. 


YEAR 

Pig,  3.  —  Comparison  of  18-Mo/s  Jovian  activity  with  nnoothed  Zurich 
sunspot  numbers.  (Solar  data  from  Solar-Geophysical  Data,  Part  B,  NB8 
Central  Radio  Propagation  Laboratory,  Boulder,  Colorado,  May  1962). 

To  these  hypotheses  we  wish  to  add  a  further  observation. 
Because  of  the  7o  11'  inclination  of  the  sun’s  axis  of  rotation,  as 
Jupiter  circles  his  orbit  the  planet  is  situated  first  above  the  nor¬ 
thern  sunspot  belt  and  then  above  the  southern  sunqmt  belt. 
Between  these  extreme  positions  the  planet  crosses  the  plane  of  the 
solar  equator,  a  r^on  which  is  relatively  free  of  spots.  Fig.  4 
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indioatee  that  when  Jupiter  was  extremely  active  in  early  1967 
(see  Fig.  3)  the  planet  enjoyed  maximum  exposure  to  the  southern 
sunspot  zone.  In  1050  and  1061,  at  the  time  of  Shain’s  early  obser¬ 
vations,  when  Jovian  activity  apparently  was  also  at  a  high  level, 
the  planet  was  experiencing  maximum  exposure  to  the  northern 
sunspot  zone.  At  the  present  time  the  sub-Jovian  point  on  the  solar 


Fig.  4.  —  Orbital  position  of  Jupiter  relative  to  the  inclination  of  the  sun’s 
axis  of  rotation.  The  position  of  Jupiter  is  shown  for  January  1  of  each  year 
from  1050  through  1903.  It  is  interesting  to  note  that  the  radio  observatiooo 
now  q>an  a  complete  orbit  of  the  planet. 

surface  is  again  moving  into  the  northern  sunspot  belt,  and  the 
Jovian  radiation  level  is  once  more  rising.  On  the  assumption  that 
Jovian  activity  may  be  triggered  by  the  emission  of  relatively 
narrow,  vertical  cones  of  particles  from  disturbed  regions  on  the 
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sun,  it  seems  reasonable  to  suppose  that  the  shape  of  the  curve  of 
Fig.  3  may  be  determined,  at  least  in  part,  by  the  orbital  position 
of  the  planet  relative  to  the  sunspot  zones. 

During  the  period  immediately  following  the  discovery  of  the 
Jovian  decameter  radiation,  J.  D.  Kraus  and  R.  M.  Gallet  reported 
the  reception  of  very  short  pulses  having  durations  of  only  a  few 
milliseconds.  This  type  of  signal  was  not  heard  for  a  numW  of 
years,  but  in  1961  it  began  to  reappear  (Douglas  and  Smith  1961). 
During  1962,  noise  storms  composed  at  least  partly  of  these  short 
pulses  have  been  common.  Fig.  5  shows  a  comparison  of  several 
bursts  of  short  pulses  with  a  train  of  normal  pulses.  In  a  loudspeaker 
the  short  pulses  produce  a  ra])id  popping  or  rasping  sound  that 
contrasts  strongly  with  the  smooth,  swishing  noise  which  charac* 
terizes  the  normal  radiation.  Recently  we  have  obtained  dynamic 
spectra  of  a  number  of  bursts  of  short  pulses,  and  these  differ 
significantly  from  the  spectra  of  ordinary  bursts. 

Fig.  6  illustrates  the  build-up  and,  decay  of  a  normal  pulse  over 
a  period  of  about  four  seconds.  The  rather  smooth  envelope  of  this 
pulse  is  typical  of  many  which  have  been  recorded.  On  the  other 
hand.  Fig.  7  shows  frames  taken  from  the  spectra  of  two  bursts  of 
short  pulses  which  occurred  several  minutes  apart.  The  striking 
«  saw-tooth »  appearance  of  these  spectra  is  suggestive  of  harmo¬ 
nics  of  some  highly  resonant  phenomenon.  In  several  instances  a 
slight  frequency  drift  of  individual  peaks  was  evident  during  a  burst. 
In  every  case  the  drift  was  to  lower  frequencies  at  a  rate  of  about 
0.1  Mc/«  per  second.  The  direction  of  this  drift  is,  of  course,  remini¬ 
scent  of  the  drift  of  solar  bursts,  which  is  attributed  to  radiation 
sources  rising  through  a  plasma  of  decreasing  density. 

In  connection  with  the  phenomena  shown  in  Figs.  5,  6,  and  7, 
the  reader  should  be  cautioned  that  the  terrestrial  ionosphere 
plays  a  role  of  as  yet  undetermined  significance  in  modifying  or 
even  creating  certain  details  of  the  received  radiation  (Douglas  and 
Smith  1961,  Smith  et  al  1960).  It  is  not  yet  possible  to  present  a 
simple  theory  which  accounts  for  all  of  the  complexities  of  the 
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Jovian  decameter  radiation.  However,  cyclotron  emission  from 
electrons  of  solar  origin,  trapped  in  a  rather  complex  magnetic 
field,  represents  a  mechanism  which  accounts  for  many  of  the 
grosser  features  of  the  signals. 
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end  of  the  Iraee  are  terrestrial  radio  stations). 


66.  —  OBSERVATIONS  BEARING  ON  THE  MECHANISM 
OP  JOVIAN  DECAMETRIC  EMISSION 


Jamm  N.  DOUGLAS  and  Hablav  J.  SIOTH 
Foie  Vninertky  Obaurvatory,  V.  8.  A. 

From  several  ourrent  observational  and  analytical  programs  of 
the  Yale  planetary  radio  astronomy  work,  we  have  selected  for 
summary  presentation  four  results  which  lead  to  specific  important 
conditions  which  must  be  placed  on  the  Jovian  decametric  radiation. 

1.  Rotation  period  and  its  constancy 

While  several  workers  have  reported  relatively  precise  rotation 
periods  derived  from  limited  runs  of  Jupiter  data,  Douglas  (1960 
a,  b)  has  recently  published  a  value  for  the  radio  rotation  period 
based  on  a  statistical  analysis  of  all  known  Jovian  noise  storms 
collected  by  all  observers  over  the  interval  1960-1960.  This  period 
(now  adopted  by  lAU  Commission  40  —  see  lAU  Information 
Bulletin  N**  8,  March  1962,  p.  4),  and  the  associated  Jovian  longi¬ 
tude  system,  bear  the  designation  : 

System  III  (1957.0)  :  period  =  O'*  55^  29*  37 

epoch  =  System  II  Jan  1.  0,  1957. 

The  mere  existence  of  so  well-defined  a  period  is  of  course  important 
for  understanding  the  mechanism  of  emission  ;  but  more  particu¬ 
larly  it  is  now  relevant  to  report  checks  on  the  accuracy  of  tl  s 
published  standard  value,  also  to  examine  it  for  possible  real  varia¬ 
tions. 

The  statistical  method  introduced  by  Douglas  uses  as  input 
data  only  the  J.  D.  times  during  which  Jupiter  storms  were  observed 
to  be  active.  If  one  were  able  to  tabulate  each  observed  storm  as  a 
function  of  the  corresponding  Jovian  longitude  of  central  meridian 
(LCM)  at  that  moment,  determined  according  to  the  (unknown) 
true  rotation  period  Pj,  and  if  the  distribution  of  radio  emission  as 
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a  function  of  LCM  is  really  asymmetrical,  the  resnlte  generate  a 
non-uniform  histogram  (of.  Fig.  1)  of  frequency  of  events  associated 
with  each  LCM.  Any  error  in  assuming  the  period  will  have  the 
effect  of  assigning  storm  events  to  false  longitudes,  tending  to 
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Figure  1.  —  Histogram  of  1961  Yale  22.2  Me  Jupiter  noise  storm  data. 

a)  fifain-stoim  phases  only. 

b)  Also  inoludii^  weak  pre-  and  post-cursor  activity. 


disperse  histogram  peaks  into  adjacent  valleys  thus  reducing  the 
overall  relief.  The  relief  of  a  histogram  is  measured  by  its  variance 
(sum  of  the  squares  of  its  ordinates  divided  by  the  number  of  ordi¬ 
nates).  Accordingly,  the  true  rotation  period  may  be  estimated  by 
first  assuming  a  range  of  periods  Pi. . .  (P.|.). . .  P«,  and  computing  the 
appropriate  LCM  histogram  for  each.  That  period  corresponding  to 
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the  smoothed  maximum  of  the  run  of  variances  of  the  successive 
histograms  constitutes  the  best  statistical  approximation  to  Pj. 
Considering  that  nearly  700  separate  storms  are  now  available  this 
program  requires  substantial  time  on  a  large  computer ;  however, 
the  results  of  such  an  analysis  gave  the  unambiguous  lAU  period 
referred  to  above,  with  a  standard  deviation  evaluated  in  several 
ways  to  be  about  0*.16. 

The  new  conclusions  reported  here  arose  from  a  careful  recheck 
and  repunching  of  all  the  old  input  data,  during  which  a  number  of 
errors  were  corrected.  Also  it  was  necessary  to  rewrite  the  program 
to  fit  an  IBM  709  computer  recently  installed  at  Yale,  thus  in 
effect  checking  the  older  program.  FinaUy,  two  additional  series  of 
events  (Warwick  from  1960  and  Yale  from  1961)  have  become 
available  ;  inclusion  of  these  adds  important  weight  to  the  period 
determination  by  extending  the  time  base-line  of  numerous  highly 
reliable  observations  through  another  year. 
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Fig.  2.  —  Jovian  radio  rotation  periods  determined  firom  each  year’s  data 

separately. 


563 


It  ifl  pleaMmt  to  report  that  the  reanalysis  yields  the  same 
period  as  before,  to  within  a  small  fraction  of  the  quoted  standard 
deviation ;  there  is  thus  no  reason  to  question  that  the  present 
System  III  (1967.0)  provides  a  statistically  reliable  fit,  with  a 
probable  error  of  about  0*.  1,  for  all  existing  data  now  available  to  us. 

One  might  still  question  whether  this  mean  period  1950-1061 
may  conceal  a  secular  change  or  significant  annual  variation. 
Accordingly  the  new  program  was  also  used  to  compute  an  inde¬ 
pendent  period  for  each  year  of  data  (Fig.  2).  The  estimated 
standard  deviations  of  the  annual  periods  are  much  larger  than  that 
of  the  mean  because  of  the  relatively  short  time  base-line  within 
each  observing  season  as  well  as  the  small  number  of  events  in  a 
given  year.  However,  to  the  limited  precision  available.  Figure  2 
(plus  other  groupings  of  the  data  not  here  reproduced)  indicates  no 
systematic  period  drift  greater  than  about  1  second  over  the  period 
1950-1961,  also  no  significant  annual  fluctuations  greater  than 
about  ±  2*  during  this  time. 

A  more  exhaustive  analysis,  presenting  statistical  models  and 
results  in  detail,  is  in  preparation  (Douglas  1963). 

2.  1961  Yalk  data 

For  several  years  a  portion  of  our  work  has  been  concentrated 
on  obtaining  completely  unambiguous  identification  of  Jupiter 
storms  with  several  single-frequency  phase-switched  interfero¬ 
meters.  In  1961  the  more  or  less  perfected  equipment  and  the 
relatively  low  sunspot  number  made  possible  a  very  strong  series  of 
observations  on  22.2  Me.  The  authors  independently  judged  the 
records,  eliminating  doubtful  cases,  leaving  a  substantial  collection 
of  essentially  uncontaminated  Jupiter  storm  data  which  in  turn 
produced  an  unusually  clean  histogram  (Fig.  la)  displaying  sharp 
isolation  of  its  three  apparent-activity  regions  (for  a  similar  22.2  Mo 
histogram,  see  C!arr  et  al  1961).  During  the  analysis  of  the  records, 
in  addition  to  tabulating  the  usual  mainstorm  phases  of  strong 
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activity  (frequently  marked  by  a  characteristic  abrupt  start  or 
stop  over  only  fractions  of  a  minute),  we  also  tabulated  separately 
any  instance  of  the  « pre-  and  post-cursor  »  activity  which  often 
seems  to  be  present  but  is  usuaUy  only  faintly  visible,  typically 
being  nearly  an  order  of  magnitude  weaker  than  main«'storm 
activity.  We  rather  confidently  expected  to  find  that  the  weak 
pre-  and  post-cursor  activity  would  normaUy  violate  the  histogram 
of  strong  events,  tending  to  wash  it  out  severely  by  filling  in  the 
gaps  between  active  regions.  Instead,  the  effect  of  including  this 
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SHADED  HISTOGRAM 


Fig.  3.  —  Same  data  oa  Figure  1,  but  plotted  aa  a  polar  hiatogtam  (diaded 
portions  refer  to  main-storm  phase  ;  light  portions  the  pre-and  post-oursor 

activity). 

feeble  activity  (Fig.  lb)  proved  to  be  mainly  one  of  supporting  the 
longitudinal  distribution  shown  by  the  strong  activity,  with  very 
little  filling-in  of  the  quiet  longitudes. 

Such  effects  become  clearer  if  the  same  data,  rather  than  being 
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plotted  on  a  oonventional  linear  hiatogram  as  in  Figure  1,  are  put 
instead  on  a  polar  projection  (Fig.  3).  In  this  form  it  is  much  easier 
to  appreciate  the  longitudinal  asymmetry  of  Jovian  decametric 
emission. 


180*’ 


Fig.  4.  —  Polar  Jupiter  activity  histogram  including  all  data  from  all 
observers  on  all  frequencies  from  1950  through  1060,  plus  Yale  1961. 

Figure  3  indicates  strongly  a  basicaUy  tri-lobed  character  of 
the  emission,  at  least  around  22  Me,  although  it  is  true  that  in  parti¬ 
cular  lobe  I  is  relatively  broad  ;  as  suggested  by  A.  Smith  (1962)  it 
may  in  turn  be  multiple.  Significant  changes  do  appear  in  the  lobe-- 
pattem  from  year  to  year,  ranging  from  the  near-disappearance^of 
lobe  3  to  the  occasional  suggestion  of  intermediate  minor  lobes.  Also 
some  presently  available  data  (Carr  et  al  1961,  Warwick  1961  and 
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1962)  indicate  that  extreme  sharpness  of  lobes  tends  to  wash  out 
in  the  range  of  Jupiter  storm  frequencies  below  16  Me.  But  Figure  4, 
a  similar  histogram  which  includes  all  of  the  available  Jupiter  data 
over  all  years  and  frequencies,  shows  that  the  general  tri-lobed 
aspect  of  Figure  :i  is  no  accident,  even  in  its  10®  tilt  of  the  axis  of 
lobes  1  and  3  with  respect  to  the  major  lobe  2. 

As  a  second  conclusion  from  Figure  3,  comparison  of  parts  (a) 
and  (b)  shows  that,  as  seen  from  the  earth,  the  emission  —  regardless 
of  whether  it  is  strong  or  weak  —  has  the  same  directional  charac¬ 
teristics.  This  suggests  the  reality  of  fairly  sharp  directional  contain¬ 
ment  of  the  radiation,  within  which  abrupt  changes  of  activity  level 
arise  for  other  reasons  (perhaps  associated  with  secondary  propa¬ 
gation  effects  or  intrinsic  changes  in  the  emitted  flux).  Effectively 
the  radiation  seems  to  be  confined  to  cones  having  apparent  half¬ 
power  diameter  of  the  order  of  30-40®. 

In  using  any  form  of  Ju])iter  activity  histogram,  one  must 
remember  that  we  have  no  direct  observation  of  the  geographical 
location  of  the  radio  source  ;  a  storm  is  only  associated  in  phase,  via 
the  LC.M,  with  the  .s{>eciiied  The  actively  emitting  regionfs) 
may  have  a  systematically  different  longitude,  as  for  example  above 
the  back  side  of  the  planet  ISO®  away  from  the  LCM  corresponding 
to  the  time  of  emission.  Also  there  may  be  three  (or  more)  emitting 
regions,  or  perhaps  only  a  single  source  location  having  three 
principal  lobes  of  emission. 

But  the  most  interesting  conclusion  follows  in  conjunction 
with  .Morris  and  Berge’s  (1962)  recent  determination  (see  also 
Morris,  1902),  using  microwave  polarization  measurements,  of  the 
apjiroximate  longitude  of  Jupiter’s  magnetic  pole.  Their  data  indi- 
cat«!  for  the  pole  a  mean  longitude  of  roughly  208®  ±  10®  on  the 
System  III  of  Carr  et  al  (1961)  which  for  this  purpose  differs  only 
insignificantly  from  the  lAU  System  III  (1957.0).  The  magnetic  pole 
is  thus  in  close  alignment  with  the  major  lobe  (and  with  the  oppo¬ 
site  « empty  quarter  »)  centered  at  212°  7®.  This  is  one  of  the 

strongest  observational  facts  lending  support  to  Warwick’s  general 
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picture  of  the  Jovian  deoametric  radiation  being  caused  by  pheno¬ 
mena  of  an  auroral  character  rather  than  surface  activity  of  any 
kind. 


3.  Polarization  anomalies 

In  1961  the  Yale  Bethany  Station  also  brought  into  operation 
on  22.2  Mo  a  complete  polarimeter  able  in  principle,  with  proper 
calibration,  to  3rield  all  four  Stokes  parameters  even  of  the  elemental 
fraction-of-a-second  storm  bursts.  Here  we  wish  merely  to  report 
one  major  finding  from  the  polarization  records  Specifically,  it 
has  been  known  since  1 956  that  the  decameter  storms  are  normally 
right-elliptically  polarized,  although  with  occasional  appearance 
of  some  left-elliptical  polarization.  Our  1961  records  were  consistent 
with  this  pattern,  showing  about  97  %  of  the  time  the  right-ellip¬ 
tical  component  to  predominate  strongly  (e.  g.  Fig.  ob). 

Violating  this  normal  pattern,  on  two  occasions  (June  5.35 
and  August  7.23,  1961,  UT)  activity  beginning  almost  exclusively 
as  right  elli])ticsl  changed  during  several  minutes  to  almost 
exclusively  left-elliptical,  then  after  about  ten  minutes  switched 
again  smoothly  but  quickly  back  to  right.  Both  sources  were 
centered  on  the  principal  lobe  (perhaps  the  magnetic  pole?), 
respectively  at  Xm  =  206®  and  23 1®.  Whatever  the  mechanism 
invoked  (including  multiple  sources,  reflections,  or  propagation 
mode-shifts)  such  well-established  anomalies  may  help  to  thin  the 
range  of  acceptable  models  for  the  radiation  source. 


4.  Power  and  energy  associated  wtih  decameter  storms 

Several  authors  (esp.  Gallet  1961)  have  attempted  to  estimate 
the  powers  involved  in  the  decameter  storms.  Publication  of  another 
set  of  estimates  seems  to  us  in  order  since  the  time  over  which  well- 
calibrated  observations  are  available  is  now  longer,  and  since  some 
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aBsumptiona  can  now  be  spelled  out  more  clearly  than  before.  For 
the  past  four  years  the  Yale  records  have  included  automatic  cali¬ 
bration  marks  such  that  a  source  must  produce  at  our  antennas  a 
total  flux  in  both  polarizations  of  6.1  (±  25  %)  X  10“**  %omr*  cpa-^ 
in  order  to  cause  a  deflection  equal  to  the  calibration.  Since  we 
know  the  distance  of  the  Jupiter  source,  computation  of  the 
total  decametric  power  radiated  depends  on  three  variables  :  the 
observed  deflections  on  the  charts,  the  actual  emission  spectrum, 
and  the  true  emission  cone  angle.  Serious  uncertainty  about  each 
of  these  factors,  particularly  the  last  two,  permits  only  an  order-of- 
magnitude  final  estimate  of  power. 

Considering  first  the  deflections,  it  is  necessary  to  distinguish 
between  apparent  burst  intensity  and  actual  storm  intensity. 
The  individual  bursts  of  characteristic  duration  around  1  second, 
while  perhaps  in  part  originating  at  Jupiter  (Douglas  and  H.  Smith 
luol),  are  often  so  strongly  amplitude-modulated  by  ionospheric 
diffraction  and  refraction  effects  as  to  be  unreliable  indicators  of 
power.  A  typical  example  of  this  is  provided  by  Figure  6a,  where 
identical  equipment  at  two  stations  separated  by  100  km  indicates 
the  same  general  pattern  of  activity  plus  essential  identity  of  indi¬ 
vidual  burst  times  —  but  with  ionospheric  amplitude  modulation 
inducing  gross  and  random  relative  changes  of  intensity  at  each 
station.  Such  effects  may  also  be  expected  to  become  more  serious 
toward  lower  frequencies  approaching  the  critical  frequency, 
rendering  the  burst  or  burst-group  intensity  a  questionable  basis 
for  spectral  studies.  Furthermore  it  is  the  overall  storm  activity 
which  sets  the  basic  power  and  energy  requirements,  within  which 
even  real  bursts  may  only  represent  perturbations. 

With  these  problems  in  mind  we  have  chosen  to  deal  with  the 
question  of  major  storm  energy,  which  can  be  evaluated  almost 
independently  of  the  ionosphere.  Figure  5b  shows  the  sort  of  major 
storm  activity  to  be  discussed  here ;  note  in  particular  the  strong 
baseline  deflection  representing  integrated  power.  In  our  experience, 
such  storms  —  of  typical  duration  10  to  100  minutes  — -  have  never 
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shown  baseline  deflections  exceeding  twice  the  calibration  strong 
storms  are  normally  of  the  order  of  the  calibration,  and  this  value 
is  reasonable  to  adopt  as  a  measure  of  the  integrated  22.2  Me  flux 
throughout  the  storm. 

The  bandwidth  and  spectrum  are  more  difficult  to  evaluate. 
Strong  storm  activity  has  been  observed  over  a  bandwidth  as  small 
as  1  Me.  More  typically  a  5  Me  bandwidth  may  be  active,  while 
extremely  well-developed  storms  oceasionally  radiate  over  much 
of  the  spectrum  from  5  to  30  Me  (Warwick  1961,  1962).  The  flux 
spectral  index  «  may  be  defined,  eonventionally,  as  S  cx;  v“.  Since 
Warwick’s  8we))t-frequency  equipment  is  gain-referenced  at  each 
frequency  to  the  galactic  background,  the  rather  uniform  apparent 
intensity  of  his  sjiectra  as  a  function  of  frequency  implies  a  negative 
index  in  order  to  take  into  aceount  the  spectrum  of  the  galaxy 
itself.  The  Florida  workers  (.\.  Smith  1962),  who  first  called  atten¬ 
tion  to  the  character  of  the  Jupiter  index,  suggest  that  «  -  5 

fits  at  least  the  strongest  bursts  observed  from  5  to  25  Me. 

(’onceming  the  last  major  parameter,  we  have  only  indirect 
evidence  as  to  the  effective  cone  angles  into  which  the  decameter 
}K)w  er  is  radiaUnl.  The  duration  of  a  short  storm  must  be  accepted 
as  a  lowest  limit.  A  mf»re  probable  value  comes  from  assuming  that 
the  lobes  of  Figures  3  and  4  measure  directly  that  slice  of  the  emis¬ 
sion  cone  which  Jupiter’s  rotation  sweeps  past  the  earth,  in  whieh 
case  about  60°  would  seem  a  reasonable  choice  for  cone  half-power 
diameter.  Finally,  of  course,  the  upper  limit  for  cone  angles  would 
be  the  case  of  isotropic  emission. 

These  considerations  can  now  be  applied  to  the  problem  of  the 
total  decametric  power  radiated  from  Jupiter.  Corresponding  to 
typical  strong  22  Me  continuum  storms  causing  deflections  of  the 
order  of  calibration,  we  require  a  source  at  the  opposition  distance 
of  Jupiter  to  radiate  2.6  x  10*  tc  cps*  sfcf*.  Adopting  20  Me  as 
a  maximum  momentary  emission  bandwidth,  and  a  spectral  index 
n  ==  —  1  for  emission  into  a  60°  cone,  the  total  radiated  decameter 
power  during  strong  storms  follows  as  10*°  watts,  the  uncertainty 
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Jupiter  22.2  Me  total-power  traeinjiH  (8  June  lttb2)  protluceti  on  a  cominon 
record  >r  by  a  >«‘t  of  itientieal  antennaM  and  reeeiverH  locattnl  reapectively  at 
l’onifr<>t.  Conn.  (up|H*r  ehaniud)  ami  Bethany.  Conn,  (lower  channel)  aepars- 
te<l  by  1(K)  kill  on  an  KXF  line.  Timing  itrid  lines  on  these  records  are 

.')0“  a|>art. 


Fi|:.  .51). 

One  hour  of  re<-ord  showiii):  typical  development  of  22.2  Me  major  Jupiter 
stonii  (2b. Inly  19H1). 


Channel  idem iticat ion.  top  to  bottom  :  total  power  left -circular  polari¬ 
zation.  total  |)ower  rijjht -circular  polarization,  phase-switched  interfero¬ 
meter  with  phase-sensitive  detection.  With  time,  running  from  left  to  ripht. 
note  first  the  standard  calibration  mark,  next  an  isolateil  early  portion  of 
the  storm  featurinp  only  bursts,  then  the  onset  major-storm  activity  with 
its  pronouncell  baseline  shifts.  Note  also  the  customary  overwhelming  domi¬ 
nance  of  right -circular  |iularization. 


being  at  least  a  factor  of  10.  Jupiter  must  thus  have  a  mechanism 
capable  of  generating  decameter  powers  of  this  order  at  least  for 
times  of  the  order  of  an  hour,  and  more  likely  for  substantial 
portions  of  several  days  (Douglas  and  Smith  1963)  amounting  to  a 
total  energy  radiated  by  the  entire  storm  of  10*®  to  10*®  erg. 

It  is  still  more  difficult  to  estimate  Jupiter’s  averaged  contin¬ 
uous  decameter  R  F  emission  over  long  periods  of  time.  Keeping 
to  orders  of  magnitude,  emission  is  detectable  roughly  20  %  of 
the  time  over  the  range  of  frequencies  considered  here  (more  often 
at  the  lowest  frequencies),  but  over  periods  of  a  year  this  activity 
probably  averages  only  1  to  10  %  of  the  flux  levels  discussed  above 
for  strong  storms.  A  mean  emitted  power  of  the  order  of  10*  watts 
is  thus  indicated  for  the  decametric  spectrum  above  5  Mo ;  the 
spectrum  below  5  Mo  may  prove  to  be  the  more  important  compo¬ 
nent  of  noise-storm  power  on  the  average.  It  is  interesting  that 
the  mean  decimetrio  emission  also  amounts  to  about  10*  watts. 
Although  these  powers  seem  large,  even  a  very  modest  solar  breeze 
should  continuously  deliver  at  least  10**  watts  to  the  vicinity  of 
Jupiter’s  magnetosphere. 

Sup^Kirt  from  the  National  Science  Foundation,  the  National 
Aeronautics  and  Sjuice  Agency  and  the  Research  Corporation  for 
various  phases  of  this  work  is  gratefully  acknowledged. 
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66.  —  POLARIZATION  OBSERVATIONS  OF  JUPITER 
AT  DECAMETRE  WAVELENGTHS 

C,  H.  BARROW 

Florida  State  Univertity,  DeportmerU  of  Phyeiee 
TaUahaeeee,  Florida,  U.  8.  A. 

Radio  obaervationB  of  Jupiter  were  made  at  Florida  State 
University  in  1961  at  frequencies  of  18.3,  18.7,  19.5  and  24  mo/s. 
Crude  polarization  observations  were  attempted  at  18.3  and  24  mo/s. 
On  three  occasions  simultaneous  observations  at  these  frequencies 
indicated  predominantly  right-handed  polarization  at  24mo/s, 
but  predominantly  random  or  linear  polarization  at  18.3  mc/s  (^). 

A  new  series  of  polarization  observations  has  recently  been 
commenced  using  crossed- Yagi  tracking  aerial  systems  at  16,  18, 
22,  and  26  mc/s.  Pending  the  completion  of  switching  circuitry  the 
aerial  manufacturer’s  phase  identification  system  has,  so  far,  allowed 
two  events  to  be  studied  to  some  extent.  A  pronounced  polarization 
has  yet  to  be  observed  at  18  mc/s  although  right-handed  polari¬ 
zation  appeared  to  be  present  at  22  mc/s. 

If  the  gyrofrequenoy,  or  possibly  some  critics!  frequency,  on 
Jupiter  should  be  within  the  frequency  range  16-26  mc/s,  and 
there  are  indications  that  this  may  be  the  case  (*),  it  should  be 
possible  to  detect  this  by  observing  a  change  in  polarization  mode 
from  one  frequency  to  another.  If,  however,  the  gyrofrequency 
should  be  above  26  mo/s,  polarization  observations  at  all  frequencies 
should  indicate  similw  modes  and  it  would  be  necessary  to  measure 
axial  ratios  in  order  to  obtain  further  information  concerning  the 
state  of  the  Jovian  magnetic  field. 

Some  eight  weeks  of  observation  with  a  38  mc/s  phase- 
switching  interferometer  allowed  one  small  event  to  be  recorded  at 
this  frequency. 

This  work  is  being  supported  by  the  National  Aeronautics  and 
Space  Administration  (Grant  Number  NSG-224-61). 
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57.  —  POLARIZATION  OF  THE  2840  MC/S  RADIATION 
FROM  JUPITER 


D.  MORRIS  and  J.  F,  BARTLETT 
California  Institute  of  Technology  Radio  Observatory, 

California,  U.  S.  A. 

This  paper  briefly  summarizes  measurements  made  at  the 
Caltech  Radio  Observatory  on  the  2840  Mc/s  (10.6  cm)  radiation 
from  Jupiter.  The  results  are  compared  with  similar  measurements 
made  earlier  at  960  Mc/s  (31  cm)  and  1390  Mc/s  (22  cm). 

The  observations  were  made  during  the  week  14-21  April  1962 
with  an  Interferometer  of  baseline  300XE-W.  At  this  antenna 
separation,  Jupiter  was  unresolved  and  values  were  obtained  for 
the  total  flux,  fractionariinear  polarization  and  position  angle  of 
the  electric  vector  of  the  radiation.  To  obtain  an  adequate  signal  to 
noise  ratio  it  was  necessary  to  integrate  the  fringes  for  periods  of 
the  order  of  20  minutes.  For  this  purpose  an  analogue  computer  and 
mechanical  integrator  were  used. 

The  values  so  found  for  the  flux  and  polarization  are  displayed 
in  Figure  1  as  a  function  of  the  system  III  longitude  defined  by 
Smith  and  Carr  (1969).  Each  point  is  derived  from  observations 
extending  over  ±1“  )^bout  meridian  transit.  No  circularly  polarized 
radiation  greater  than  5  %  wa!«  found. 

It  is  apparent  that  the  position  angle  of  the  electric  vector 
shows  a  variation  correlated  with  Jupiter’s  rotation.  A  similar 
effect  was  found  previously  at  1390  Mc/s  (Morris  and  Berge  1962), 
although  in  that  investigation  it  had  to  be  assumed  that  the  total 
flux  and  fractional  polarization  were  substantially  constant  during 
the  planet’s  rotation.  On  theoretical  grounds  one  can  expect  varia¬ 
tions  in  the  total  flux  and  fractional  polarization  if  the  decimeter 
radiation  from  the  Jovian  Van  Allen  belts  is  beamed.  In  addition, 
as  the  obscuration  of  the  Von  Allen  belts  by  the  solid  planet  varies 
there  will  be  associated  changes  in  the  observed  radiation.  Within 
the  experimental  uncertainties  we  can  detect  no  systematic  varia- 
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Fig>  !•  —  Polariution  pAnunetors  of  the  2840  mc/t  radiation  firom  Jupiter. 
Total  flux,  fractional  polarisation,  and  position  angle  of  eleotrio  vector 
measured  relative  to  Jupiter’s  equator,  as  a  function  of  System  III  longitude 
of  the  central  meridian. 


Fig.  2.  —  Polarisation  parameteie  of  the  1300  mo/s  radiation  from  Jupiter. 
Total  flux,  fractional  polarisation,  and  position  angle  of  the  electric  vector 
meaaured  relative  to  Jupiter’s  equator,  as  a  function  of  System  III  longitude 
of  the  central  meridian. 
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tion  in  flux  greater  than  ±  10  %,  nor  any  change  in  fractional 
polarization  greater  than  ±  0.1. 

In  Figures  2  and  3  the  results  of  measurements  similar  to  the 
above,  but  made  earlier  at  1390  Mo/s  (22  cm)  and  960  Mc/s  (31  cm), 
are  shown.  These  observations  were  also  makde  within  ±1"  about 
meridian  transit,  but  on  a  N-S  baseline.  The  appropriate  antenna 


Fig.  3.  —  Polarization  of  the  960  mc/s  radiation  from  Jupiter.  Fractional 
polarization,  and  poaiticm  angle  of  the  eleotrio  vector  measured  relative  to 
Jupiter's  equator,  as  a  function  of  the  System  III  longitude  of  the  central 

meridian. 


separation  is  indicated  in  Figures  2  and  3,  and  we  have  assumed  in 
the  following  that  the  effects  of  observing  with  this  resolution  are 
negligible.  The  measurements  at  all  three  frequencies  show  the 
same  trends  and  Table  I  has  been  compiled  as  a  summary.  The 
2840  Mc/s  6ux  has  been  normalized  using  Broton  and  Medd’s  (1960) 
value  for  the  flux  of  Cass  A  with  a  correction  for  resolution  at 
300  X  E-W  derived  from  the  measurements  of  Rowson  (1969). 
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The  variation  in  the  position  angle  of  the  electric  vector  has  been 
assumed  to  be  due  to  a  tilt  of  Jupiter's  magnetic  axis  with  respect 
to  its  rotational  axis  together  with  a  time  invariant  Faraday 
rotation  in  the  earth’s  ionosphere.  On  this  basis  a  least  squares 
analysis  3delds  the  full  line  curve  in  Figures  1 ,  2  and  3.  The  calcul¬ 
ated  values  of  the  magnetic  axis  tilt  and  longitude  of  the  magnetic 
pole  associated  w’ith  the  principal  decameter  radio  source  are 
given  in  Table  I.  Within  their  errors  the  three  sets  of  measurements 
yield  the  same  value  for  the  position  of  the  Jovian  Magnetic  poles. 

Tablk  1 


Date 

/(Mc/g) 

Flux*  1 

i 

*»% 

'  Magnetic 
Axis  Tilt 

Long.  Ill 
pole 

Jan.-Feb.  1961 

960 

6.7  ±1.0  i 

33±7 

i 

7*3  ±60 

16® 

*2»“±46® 

June  1961 

1390 

1 

— 

9«.0±3® 

200®±10» 

Jtme-July  1961 

1390 

8.2  ±1.2 

28±6 

7®.7±3» 

198»±18» 

April  1962 

2840 

8.3  ±1.0 

20±5 

20°±11“  i 

260®±70® 

7.0**±1.0 

23.5**±6 

It  will  be  seen  that  the  fractional  polarization  of  the  radiation 
shows  an  apparent  variation  with  frequency.  However,  this  could 
equally  well  be  a  temporal  variation  and  for  the  same  reason  we 
cannot  draw  any  unambiguous  conclusion  about  the  spectral 
index  of  the  radiation.  In  this  connection  it  is  interesting  that  the 
2840  Mc/s  disk  temperature  corresponding  to  the  flux  quoted  in 
Table  I  is  800°  ±  100°K.  Sloanaker  and  Boland  (1961)  obtained 
values  of  640°K  and  SIS^K  in  1958  and  1969,  respectively.  They 
also  pointed  out  that  if  the  discrepancy  between  their  two  measu¬ 
rements  was  to  be  accounted  for  by  partial  linear  polarization  of 
the  radiation  then  a  very  high  fractional  polarization  was  required. 
If  we  assume  that  the  fractional  polarization  has  remained  un- 


(•)  X  10-«  W/m*/o/s  at  4.0412  A.  U. 

(**)  Corrected  for  thermal  radiation. 
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changed  between  1958  and  the  present  time,  Sloanaker  and  Boland’s 
values  can  be  corrected  and  become  744®K  and  392®K,  respectively. 
Within  the  experimental  errors  the  larger  (1958)  disk  temperature 
then  agrees  with  our  measurement,  but  the  low  (1959)  value  of 
3920K  can  only  be  accounted  for  by  a  temporal  variation  in  disk 
temperature  or  in  fractional  polarization,  or  both. 
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58.  —  THE  RADIATION  BELT  OF  JUPITER 


M.  8.  ROBERTS  and  G.  R.  HUGUENIN 
Harvard  College  Observatory 
Cambridge,  Massachusetts,  U.  S.  A. 

I.  Introduction 

Tlie  signilicant  aspecta  of  Jupiter’s  microwave  radiation  are  : 
a)  T'he  dux  at  decimeter  wavelengths  is  much  larger  than  would  be 
predicted  from  the  measured  infrared  temperature  of  about  130oK(‘). 
Equivalent  black  body  disc  temperatures  derived  from  these  flux 
measuies  reach  values  as  high  as  40,000oK  at  68  cm.  b)  Measures 
at  31  and  22  cm  {*-  *)  and  at  21  cm  {*)  have  shown  that  the  radiation 
is  partially  polarized  in  a  direction  approximately  parallel  to 
Jupiter’s  rotational  equator.  The  equatorial  extent  of  this  radiation 
is  about  3  Jovian  diameters,  c)  A  positive  correlation  exists  between 
the  flux  received  from  Jupiter  and  solar  activity  as  measured  by 
sunspot  number  or  10.7  cm  solar  flux  (^).  This  correlation  has  been 
found  only  in  those  observations  which  were  made  with  the  E  vector 
of  the  antenna  system  approximately  parallel  to  Jupiter’s  equator. 
Items  b)  and  c)  above  imply  that  that  component  of  the  Jovian 
decimeter  radiation  which  is  polarized  is  also  the  component  which 
varies  with  solar  activity. 

In  anticipation  of  the  discussion  to  follow,  we  will  find  it 
convenient  to  separate  the  Jovian  radiation  into  three  components  : 

Component  I  ;  ’The  thermal  radiation  corresponding  to  an 
observed  temperature  cf  about  130*K. 

Component  2  :  The  nonpolarized,  nonthermal  radiation  which 
at  decimeter  wavelengths  has  a  disc  temperature,  of  several 
thousand  degrees.  Components  1  and  2  may  be  related  but 
because  of  the  high  temperatures  found  for  Component 
2  it  seems  desirable,  at  present,  to  distinguish  between 
these  two. 
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Component  3  :  The  polarized,  nonthemal  radiation  from 
Jupiter. 


II.  Observational  data 


Table  I  summarizes  the  observational  data  for  Jupiter.  The 
disc  temperatures  given  in  column  2  are  equivalent  black  body 

Tabu  I 

Summary  of  Observations 


!  Td 

SxatSAU  1 

Avg.  10  cm 

«K 

10-*»uw-*(c/b)-‘  I 

9 

Solar  Flux'  ^ 

IR 

130 

1 

(•) 

3.15 

140 

1.05 

(•) 

3.15 

145 

1.05 

(•) 

3.03 

171 

1.41 

:  (’) 

3.17  - 

173 

1.27 

.  (’) 

3.36 

189 

1.27 

(’) 

3.75 

200 

1.05 

10.0 

622 

0.46 

74'' 

108 

10.2 

315 

0.22 

79® 

169 

10.3 

640 

0.44 

67® 

229 

'  (-) 

20.8 

3.600 

0.61 

14® 

103 

(•) 

20.8 

2,200 

0.37 

77® 

114 

(•) 

21.0 

2.500 

0.42 

76® 

212 

(“) 

21.1 

4,500* 

0.74 

14® 

204 

1  (“) 

21.1 

3,900 

0.65 

15® 

110 

i  (•) 

21.1 

4,100 

0.68 

24® 

96 

:  (‘) 

22.0 

2,900 

0.43 

76® 

211 

(*•) 

31 

5,500 

0.4 

77® 

214 

1  (**) 

68.2 

44,000 

0.69 

14®4 

201 

i  (“) 

68.2 

34,000 

0.53 

15®« 

215 

1  (“) 

68.2 

10,000 

0.15 

1404 

159 

;  (“) 

1.  Average  angle  between  E  vector  of  antenna  system  and  rotational 

equator  of  Jupiter.  These  values  are  accurate  to  1  or  2  degrees.  The  obeerva- 
tions  at  3  cm  are  averages  over  a  range  of  f . 

2.  Averages  take  into  socoiuit  the  differenoe  in  synodic  rotation  period 
of  aun  as  viewed  firom  Jupiter  and  the  earth. 

3.  The  utoma  temperature  for  Virgo  A  as  adopted  in  ('*)  has  been 
corrected. 

4.  Faraday  rotation  may  significantly  alter  theee  values. 
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temperatures  for  a  source  equal  in  size  to  the  optical  dimensions  of 
Jupiter.  Column  3  presents  the  observed  fluxes  S;^  adjusted  to  a 
standard  distance  of  5  A.  U.  It  should  be  noted  that  these  fluxes 
represent  the  radiation  in  both  planes  of  polarization  for  an  assumed 
randomly  polarized  source.  Column  4  gives  the  angle  ip  between 
the  E  vector  of  the  antenna  system  and  the  rotational  equator 
of  Jupiter, 


Fig.  1.  —  Disc  tempsratum  as  a  ftmotion  of  wavdsngth.  The  smooth  carve 
represents  the  spectrum  of  Oompoosnt  S.  Two  possible  eztnq>olati<ms  of  this 
spectrum  to  higher  wavelengUie  ate  indicated  by  the  daahed  lines. 
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Average  values  of  the  10.7  cm  solar  flux  during  the  period  of 
observation  are  given  in  column  5. 

Figure  1  displays  the  disc  temperature  as  a  fimotion  of 
wavelength  whUe  Fig.  2  is  a  plot  of  the  flux  as  a  function  of  wave¬ 
length.  An  observational  uncertainty  of  the  order  of  10  %  is 
present  in  the  values  of  Tq  and  S;^.  A  discordant  point  occurs  at 
10  cm  where  one  of  the  values  is  about  one  half  of  tiie  other  two 
values  at  this  wavelength. 
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Fig.  S.  —  Obsarvwl  flux  (adjusted  to  a  distaiioe  of  S  A.  U.)  as  a  fuaotion 
of  wavekagth.  The  oontributioa  to  the  observed  flux  from  a  ISO*  K  aouroe 
is  infl(ii«rt^  by  the  ourve.  The  diUbraioe  between  open  and  flUed  oiroles  is 
due  to  Oompooent  S  radiation.  The  lowest  flux  measure  at  68  om  ii  an  upper 
limit  to  Con^Moent  S  radiation  at  this  wavelength. 

As  might  be  expected,  those  observations  which  accept  only 
a  small  firaotion  of  the  polarised  oomptment  of  Jovian  radiation, 
indicated  by  open  circles  in  both  Ilgs.  1  and  2,  are  systematically 
lower  than  those  observations  which  do  measure  this  component 
(filled  oiroles).  A  smooth  curve  has  been  drawn  through  those  points 


672 


in  Fig.  1  which  represent  observations  made  of  the  unpolaiized 
component  of  the  Jovian  radiation.  This  curve,  which  includes  the 
thermal  componen..  of  Jupiter  (Component  1),  represents  the  energy 
distribution  as  a  function  of  wavelength  of  Component  2.  (The 
contribution  of  Component  1  merely  changes  the  zero  pmnt  of  the 
temperature  scale.)  Two  possible  extrapolations  of  this  curve  are 
indicated  by  the  dashed  lines.  The  observations  at  68  cm  were 
made  approximately  parallel  to  Jupiter’s  equator  and  therefore 
include  a  significant  contribution  from  the  polarized  radiation. 
Since  Faraday  rotation  in  the  earth’s  ionosphere  at  this  wavelength 
is  quite  large,  an  uncertainty  as  to  the  true  orientation  of  the  E 
vector  of  the  antenna  system  with  respect  to  Jupiter’s  equator  is 
present.  We  may  use  the  68  cm  data  to  place  an  upper  limit  of 
about  10,000<*K  on  the  disc  temperature,  at  this  wavelength,  of 
Component  2. 

The  contribution  to  the  observed  fiux  at  centimeter  wave¬ 
lengths  due  to  the  infrared  temperature  of  ISO^K  is  shown  by  the 
curve  in  Fig.  2.  At  10  cm.  Component  1  contributes  about  25  %  of 
the  observed  radiation  for  lai^  9.  We  also  see  from  this  figure  that 
the  flux  due  to  Component  2  is  relatively  constant  to  X  30  cm 
and  decreases  at  longer  wavelengths,  the  lowest  plotted  point  at 
68  cm  representing  an  upper  limit  to  Component  2  radiation.  The 
difference  between  observations  made  parallel  to  Jupiter’s  equator 
and  those  made  perpendicular  to  the  equator  represents  the 
radiation  due  to  Component  3.  The  difference  indicated  in  Fig.2 
is  artifically  large  because  of  the  usual  procedure  in  multiplying 
observed  antenna  temperatmes  by  a  factor  of  two  to  account  for 
both  planes  of  polarization  in  an  assumed  randomly  polarized 
source.  If  Component  2  is  100  %  polarized  at  21  cm,  th  )  flux  to  be 
atfributed  to  Component  3  should  be  reduced  by  one  half  (for 
9  =  0°)  from  the  values  (i.  e.  the  differences)  indicated  in  Fig.  2. 
Smaller  amounts  of  polarization  for  this  component  would  result 
in  correspondingly  smaQer  reductions  in  the  indicated  flux  fmr 
Components.  ' 
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III.  OOBBBLATION  WITH  SOLAB  AOTtVITY 

An  analysis  for  a  possible  correlation  between  solar  activity 
and  ^e  flux  radiated  by  Jupiter  was  performed  on  those  data  for 
which  sufficient  information  was  availabto.  Several  of  tiie  solutions 
are  based  on  unpublished  material  kindly  made  available  to  us  by 
the  Naval  Research  Laboratory  and  the  National  Radio  Astronomy 
Observatoiy.  A  least  squares  determination  of  the  regression  of 
Jupiter  flux  on  solar  activity  of  the  form 

_  _  ,  .  ,/ 10.7  cm  solar  flux\  ^  ^ 

Jup.  dux  =  (»  ±  ej  - j  +  (6  ±  e*)  (1) 

was  made  for  the  various  sets  of  21  cm  observations  listed  in 
Table  I  as  well  as  one  set  of  10  cm  data  (^*)  and  the  31  cm  data  (^*). 
Iliese  calculations  took  into  account  the  different  Sjmodic  rotatimi 
periods  of  the  sun^as  observed  from  Jupiter  and  from  the  earth  and 


so  90  100  no  120  130  140 

10.7  CM  SOLAR  FLUX 


fig.  3.  —  Least  sqasces  rtsSeeminatinii  of  the  regrssrioa  of  Jiqiiter  flax 
(at  14SS  Mo)  on  scriar  ootivity.  The  JiqMter  obaervatiooal  data  wars  obtainad 
with  a  maser  radiomstar  attached  to  tbs  Harvard  OO-fiwt  radio  telaseopa. 
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WKe  mado  for  a  variety  of  phase  lags  between  solar  aotivity  and 
observed  Jupiter  flux.  An  example  of  (HM  sueh  solution  is  shown  in 
Hg.  8  where  the  <rf>servational  data  was  obtained  in  1961  with  a 
maser  radiometer  operating  at  1423  Mo  (*).  A  reproduction  of  a 
drift  curve  observation  of  Jupiter  made  witii  this  equipment  is 


Fig.  4.  —  Rnmpls  of  dritt  eorve  obanrvatkm  of  Jiqdtar  obtained  with  a 
maser  ladiometar  and  60-foot  radio  telaaoope. 


shown  in  Fig.  4.  In  Fig.  6  we  plot  tiie  ratio  of  the  slope,  as  deter¬ 
mined  by  tlw  regression  analysis,  to  the  standard  errmr  in  the  deter- 

m 

minati<m  of  tiie  slope.  — >  as  a  function  of  the  phase  lag.  This  ratio 
is  highest  over  a  range  of  phase  lags  of  8  to  6  days  with  a  peak  at 

IK 

4  days.  The  smoothly  varying  nature  of  this  ratio, — i  with  -phase 
lag  is  to  be  expected  since  the  solar  activity  as  measured  by  10.7  cm 
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flux  ia  also  a'slo^ly  varying  quimtity  firoin  day  to  day,  going  through 
a  cycle  in^the  order  of  one  sidereal  rotation  period  of  the  sun.  It  is 

m 

interesting  to  note  in  Fig.  6  that  the  ratio  —  is  quite  high  over  a 

large  range  of  values  of  phase  lag  ;  this  range  reflects  the  autocor¬ 
relations  of  Jovian  radiation  and  of  solar  activity. 


Fig.  0.  —  The  slope  of  the  fegraeeion  of  Jupiter  flux  on  solar  aotivity  in 
terms  of  the  standard  error  of  the  determination  of  the  slope  tw  phase  lag. 

The  results  of  the  various  least  squares  determinations  for  the 
21  cm  data  listed  in  Table  I  are  shown  in  Fig.  6.  We  plot  here  the 
average  value  of  the  Jupiter  flux  w  the  average  value  of  the  10.7  cm 
solar  flux  during  the  period  of  observations.  The  filled  and  open 
circles  represent,  respectively,  observations  in  which  the  E  vector 
of  tbe  antenna  system  was  approximately  parallel  and  perpendi¬ 
cular  to  Jupiter’s  rotational  equator.  The  length  of  the  line  through 
each  point  represents  the  range  of  solar  aotivity  during  the  period 
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of  observations,  while  the  slope  of  the  line  is  that  obtained  from  the 

fn 

least  squares  determination.  The  slope  with  the  largest  —  for  a 

phase  lag  between  2  and  6  days  was  used  in  oonstruoting  this  dia¬ 
gram.  The  error  bar  at  the  end  of  each  of  the  lines  represents  the 
unoertainty  in  the  determination  of  the  slope.  The  observational 
unoertainties  in  the  average  flux  values  are  about  10  %.  The  dashed 
line  represents  an  extension  of  the  well  determined  solution  illus¬ 
trated  in  Fig.  3.  The  regression  of  Jovian  flux  (m  solar  activity  need 


Fig.  S.  —  The  results  of  the  regnsrion  analyses  on  various  sets  of  21  om 
observations.  Average  values  of  Jupiter  flux  and  solar  flux  are  plotted  as 
open  and  filled  circles.  The  length  of  the  solid  line  through  eaoh  oirele  indi¬ 
cates  the  variation  in  10.7  om  solar  flux  during  the  period  of  observation. 
The  standard  error  of  the  determination  of  the  elope  will  yield  a  range  of 
possible  slopes  as  indioated  by  the  error  bars  for  a  line  rotated  about  the 
{dotted  average  vahw. 

not  be  linear,  and  in  fact  a  smaller  slope  may  exist  at  higher  values 
of  solar  activity.  Physically  this  would  imply  •  « saturation*  of 
the  effect  giving  rise  to  the  Jovian  flux  variations. 

Within  the  range  of  unoertaintiee  mentioned  above,  we  oon- 
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elude  thet  tiie  poleriaed  oomponent  of  the  Jovian  radiation  is 
correlated  with  eolar  activity  while  the  onpolarized  oomponent 
■hows  no  significant  correlation.  We  see  from  Fig.  6  that  the  polar¬ 
ised  component  will  disappear,  leaving  only  the  unpolarixed  oom¬ 
ponent,  at  very  low  values  of  sdar  activity.  This  fact  togetikcr  with 
the  polarisation  diaraoteristios  of  the  two  types  of  radiation  are  tiie 
basis  for  the  delineation  of  Comp<ments  2  and  3.  We  may  thus  add 
another  characteristic  to  the  description  of  Component  3  :  its 
dependence  on  solar  activity. 

IV.  OniODr  ov  Compohioit  3 

Because  of  the  polarised,  nonthennal  nature  of  Gcnnponent  3, 
magneto-bremsstrahlnng  immediately  suggests  itself  as  the 
mechanism  responsible  for  this  oomponent.  Following  Drake  (^*), 
Field  (‘*),  wad  Roberts  and  Stanley  (**),  we  ctmsider  as  the  basio 
model  high-energy  electrons  trapped  in  a  Jovian  magnetic  field. 
Field  (**)  has  shown  that  the  i^dotitm  mechanism  is  unlikely  on 
the  basis  of  the  decay  time  of  a  monoeneigetio  injection  of  electrons 
into  the  Jovian  magnetic  field.  Cyolotitm  radiation  may  also  be 
excluded  by  another  line  of  reasoning  based  on  the  observational 
data  {uesented  in  Section  III.  From  Fig.  6  we  see  that  the  pola¬ 
risation  of  the  dedmetOT  radiation  increases  with  increasing  solar 
activity ;  (^clotitm  radiatkm  predicts  an  opposite  result.  This 
follows  (**)  firom  IMd’s  polarisation  curve  (Ref.  18,  Fig.  4)  and  the 
source  dimendmis  and  equatorial  polarisation  measured  by  Morris 
and  Berge  (*). 

lii^tii  the  eUminaticm  of  r^dotnm  radiation  we  turn  to  a  ayn- 
ohrotrcm  mechanism  as  tiie  source  fd  OompcmMit  3  of  Jupiter’s 
radiatimi.  Our  task  is  twofold  :  (i)  to  obtain  a  quantitative  picture 
of  the  radiation  belt  respondUe  for  Component  3,  and  (ii)  to  account 
for  the  fOTmatirm  of  such  a  belt,  induding  its  dependence  on  solar 
activity,  in  terms  of  our  current  knowledge  of  the  interplanetary 
medium  and  the  solar  wind. 


678 


The  genenJ  thecny  of  synohrotron  radiation  from  eleotrons 
trapped  in  a  planetary  dipole  magnetio  field  haa  been  ooiuddered  by 
Chang  {**•  *').  He  derives  the  appropriate  Stokes  parameter  descrip¬ 
tion  of  synchrotron  radiation  firom  planetary  radiation  belts. 
Following  Chang’s  disonssion,  we  shall  construct  a  model  of  the 
radiation  belt  baaed  on  the  obaervatiorial  data  presented  in  the 
previous  sections.  From  Fig.  6  we  derive  the  equatorial  fiuz  from 
Component  3  at  21  cm  with  a  10.7  cm  solar  fiux  value  of  100  to  be 
Si*>  2  X  10-“  im-»  {c/«)-» 

It  is  likely  that  a  polar  flux  firom  Component  3  greater  than  0.5  x 
10*“  tom-*  (c/s)-*  would  have  been  detected  in  the  sohtf  oorrelation 
analyses.  We  therefore  asenme  that  the  polar  fiux  is 
^  0.6  X  10-“  tom-*  (c/s)-» 


The  resultant  polarisation  of  Component  3  at  X  =  21  cm  is 

“  8i»>  -f  ~ 


(2) 


For  a  polarisation  of  Component  3  of  >  0.6,  the  polarisation  of  the 
entire  Jupiter  source  (at  10.7  solar  fiux,  SF,  =  100)  becomes 


>  0.20  (SF  -  100) 

which  is  in  fairly  good  agreement  with  the  observed  value  (*)  of 
0.28  ±  0.06  at  1390  Mo.  The  sise  of  the  decimeter  source  measured 
by  Morris  and  Betge  (*)  indicates  a  polar  extent  roughly  the  dia¬ 
meter  of  Jupiter,  and  an  equatoiial  sise  of  about  3  Jovian  diameters. 
For  the  model  discussed  here,  it  is  iwwnmed  that  Components  1  and 
2  are  limited  in  extent  to  the  visible  disc  of  Jupiter  and  that 
Cmnponent  3  has  an  equatorial  sise  of  3  D2J..  To  explain  the  ob¬ 
served  polarisation  of  Juffitcr  and  thmefore  the  polarisation  of 
Component  3,  we  find  that  the  north-south  extent  of  the  brit  is 
finmi  0.5  to  0.6  D2{.. 

The  observatkmal  data  also  yirid  information  as  to  the  oharao- 
teristio  time  for  the  cycle  of  acceleration  and  decay  of  the'  respon¬ 
sible  eleotrons.  This  time  is  of  the  order  of  5  :j:  3  dajm  and  follows 
firom  tile  width  of  tiie  oorrelation  tw  phase  lag  diagram  diown  in 
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Fig.  6  and  the  corresponding  width  tbund  in  the  autocorrelation  of 
the  solar  10.7  cm  flux  over  the  period  of  observations. 

In  summary,  the  purely  observational  data  3deld  the  following 
picture  of  Component  3  at  21  cm. 

Size  :  Equatorial  extent  3  D2[. 

Polarization  :  ^  0.6 

Characteristic  time  for  acceleration  (or  injection) 
and  decay  :  ^  5  3  days 

Flux  :  2  X  10-**  wm-*  at  SF  =  100,  X  =  21  cm. 

These  quantities  represent  the  input  data,  and  may  be  considered 
as  constraints,  for  the  model.  In  addition,  the  following  assumptions 
have  been  made. 


(1).  The  magnetic  field  of  Jupiter  has  a  dipole  configuration 
for  R  <  3  Rtj,. 


(2)  The  equatorial  magnetic  field  at  the  location  of  the  radia¬ 
tion  belt  (3R2|.)  shall  satisfy  the  condition 
B*  (3R2i,7t/2) 

Sti 


>  nmpV* 


(3) 


where  nmpV*  is  the  solar  wind  pressure  at  Jupiter’s  orbit. 

(3)  The  internal  pressure  of  the  trapped  radiation  shall  be  less 
than  the  magnetic  pressure  of  the  trapping  field,  that  is  : 

B*  (3  R2i,  7t/2) 


(4) 


The  relevant  Stokes  parameters  (**•  **)  for  synchrotron 
radiation  are  : 

li/mdf  =  J  p  (E,  o*)  F  (/)  dE  (6) 

and 

Q  (/)  iVdf  =  ~  J  p  (E.  «*)  F,  0  dE  (6) 

where  l{f}dVdf  is  the  total  intensity  radiated  from  volume 
element  dV  in  the  frequency  range  df  at  /. 
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Q{f)dVdf  is  the  portion  of  l(f)dVdf  with  electric  vector  parallel 
to  the  equator  minus  the  portion  of  I(/)dVd/  with  electric 
vector  perpendicular  (i.  e.  parallel  to  the  pole). 

B  is  the  magnetic  field  strength. 

R  is  tlie  distance  to  the  observer. 

p  (E,  a*)  dVdEd/n  is  the  number  of  radiating  electrons  in  volume 
dV  with  energies  in  the  range  dE  at  E  and  hehx  angles  in  the 
range  da.  at  a*  where  a*  is  the  angle  between  the  vector 
magnetic  field  at  dV  and  the  vector  to  the  observer,  x  is  I'll® 
angle  involved  in  defining  QdV.  It  is  the  angle  measured  clock¬ 
wise  by  the  observer  from  a  direction  coplanar  with  the  equator 
and  at  right  angles  to  the  line  to  the  observer  to  the  projection 
of  the  magnetic  field  into  the  plane  at  right  angles  to  the 
observer. 

is  the  Schwinger  critical  frequency  corresponding  to  a*, 
i.  e.  f*  =  LB  sin  a*  E*  where  L  is  a  constant. 

^(t)=7  r  K  (’) 

V/e/  Je  J  t!i^ 
and 


The  density  distribution  used  for  the  calculations  of  this  model 
is  based  on  a  monoeneigetic  electron  spectrum,  and  an  isotropic 
helix  angle  distribution  to  the  cutoff  angle  a^.  The  cutoff  angle 
corresponds  to  mirror  points  consistent  vith  the  observed  polariza¬ 
tion  of  Component  3.  From  the  spectrum  of  Fig.  2,  the  Schwinger 
critical  frequency  is  chosen  to  be  3  kMc,  which  places  the  frequency 
of  maximum  radiation  in  the  decimeter  range  around  50  to  60  cm. 
The  model,  though  admittedly  crude,  is  very  instructive  ;  more 
refined  calculations  will  appear  elsewhere  (^*). 

Numerically  integrating  the  equations  for  I[f)  and  Q(/)  with 
the  observational  and  assumed  constraints,  the  following  picture 
of  the  Jovian  radiation  belt  emerges  : 
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(1)  6a,  the  latitude  of  the  maximum  mirror  pointe,  of  10o-12o. 

(2)  a,,  the  equatorial  cutoff  helix  angle  ooneeponding  to  6a,  of 
20»-26« 

(3)  An  equatorial  magnetic  field,  B  (3R2^,  7c/2),  at  the  belt  (3B2].) 
of  1.76  gauss  corresponding  to  an  equatorial  field  at  the  surface 
of  Jupiter  of  47  gauss. 

(4)  Electron  energies  of  10  Mev  with  a  corresponding  gyroradius, 
fg,  of  183  metors. 

(6)  A  total  number  N  of  electrons  participating  of  3  x  10**,  or 
for  a  belt  0.1  R2j.  in  thickness,  a  density,  n«,  of  4  x  10~*  elec¬ 
trons  per  cm*.  The  calculations  are  for  a  « thin  »  belt ;  the 
arbitrarily  chosen  thickness  need  only  be  larger  than  r^. 

(6)  Polarixation  of  Component  3  at  21  cm  of  0.64  with  a  total 
polarization  for  Jupiter  at  21  cm  of  0.21.  These  values  represen¬ 
ting  recoverable  quantities  from  the  input  data. 

(7)  Characteristic  time  for  decay  T,;,  of  6  days. 

(8)  The  dimensions  of  the  radiation  belt  are  roughly  that  of  a 
torus  with  a  major  radius  of  3R2j.  and  a  cross  section  of  0.1  R21. 
in  the  equatorial  plane  and  0.6  R21.  perpendicular  to  this  plane. 


Tabui  n 

Parameters  of  Radiation  Bolt 


Days 

B(8R2^,»»/2) 

OauM 

B(B2|,w/*) 

Gwisi 

E 

Mev 

N 

om~* 

mstscs 

0.1 

24 

640 

2.8 

2.10“ 

3.10-* 

3.9 

1 

6.1 

138 

0.1 

9.10“ 

1.10-* 

39 

3 

2.6 

66 

8.8 

2.10“ 

8.ia-« 

116 

6 

1.8 

47 

10 

3.10“ 

4.10-* 

183 

7 

1.4 

38 

12 

3.10“ 

8.10-* 

283 

10 

1.1 

30 

13 

4.10“ 

6.10-* 

390 

100 

0.24 

0.3 

28 

2.10“ 

3.10-* 

3,860 
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We  presMit  in  Table  II  the  parameters  of  the  radiation  belt  fcv 
various  values  of  for  the  range  0.1  to  100  days.  The  geometric 
aapeots  remain  the  same  as  those  derived  above. 

From  Table  II,  we  see  that  the  equatorial  magnetic  field, 
B(R2j.,  n/2),  required  is  large  compared  to  the  earth  but  is  not 
unreasonable  in  size.  The  total  number  of  high  energy  electrons  N 
is  too  large  to  be  supplied  directly  by  the  solar  wind,  i.  e.  to  be 
transported  from  the  sun  to  Jupiter.  However,  an  acceleration  by 
the  solar  wind  of  low  velocity  electrons  already  present  at  Jupiter  is 
possible  and  lively ;  such  an  acceleration  has  been  suggested  by 
Chang  (*••  •*). 

The  acceleration  mechanism  active  at  Jupiter  must  favor  the 
acceleration  of  already  trapped  low-energy  electrons  to  higher 
energies  and  flatter  helices.  The  most  likely  mechanism  for  pro¬ 
ducing  flat  helices  and  high  energies  involves  the  propagation  of 
hydromagnetic  waves  from  the  boundary  region  between  Jupiter’s 
magnetosphere  and  the  interplanetary  medium.  This  mechanism 
could  be  particulu-ly  effective  if  at  Jupiter’s  orbit  ('^  6  A.  U  )  the 
flow  of  solar  plasma  broke  from  laminar  flow  into  turbulence. 
The  correlation  of  the  emission  of  Component  3  with  solar  activity 
is  consistent  with  a  solar  wind  acceleration  hjqpothesis. 

The  energy  radiated  by  Component  3  for  a  flux  of  2  x  10~*' 
wm*  (c/«)~*  (at  SF  =  100)  over  a  bandwidth  of  3  kiRe  is 
2.7  X  10**  ergs/sec.  The  energy  intercepted  by  Jupiter  frx>m  the 
solar  wind,  assuming  10  protons  cm~*  travelling  at  300  km/sec  at 
the  earth  (**),  is  1.4  x  10**  ergs/sec.  Thus  the  efficiency  of  energy 
conversion  from  the  solar  wind  to  decimeter  radiation  need  only  be 
of  the  order  of  lO-*.  The  total  mass  of  the  radiating  electrons  is  less 
than  one  gram. 


y.  Origin  or  Comfonint  2 

T’he  origin  of  the  Component  2  radiation  is  more  difficult  to  fix  ; 
thermal  (including  ionospheric  free-free  transitions)  and  such 
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nonthermal  mechanisms  as  a  second  radiation  belt  or  continual 
electrical  discharges  (storms)  all  encounter  difficulties  which  are 
compounded  by  a  lack  of  sufficient  observational  data.  We  shall 
consider  here  one  possible  mechanism  for  accounting  for  Component 
2  :  a  Jovian  ionosphere. 

Three  quantities  are  available  which  will  allow  us  to  describe 
such  an  ionosphere  : 

(1)  The  spectrum  of  Component  2. 

(2)  An  estimate  of  Jupiter’s  equatorial  magnetic  field  (firom 
section  IV)  and  therefore  the  cyclotron  frequency  in  the  iono¬ 
sphere. 

(3)  Observations  of  Jovian  decameter  radiation  to  34  Mo  (**). 
We  shall  assume  that  this  radiation  originates  below  the 
ionosphere  and  propagates  through  this  ionosphere  in  the 
extraordinary  mode  (whistler  mode). 

For  decameter  radiation  of  frequency  v  to  penetrate  the  iono¬ 
sphere  we  require 

V,  <  V  (l  +  (») 

where  is  the  plasma  frequency  and  Vg  the  cyclotron  frequency. 
Adopting  Vg  corresponding  to  a  magnetic  field  B  (R2! ,  ir/2)  =  47 
gauss,  the  value  derived  for  T.^-6  days,  and  an  upper  limit  of 
V  =  50  Me  we  obtain 

vp  <  100  Me 

The  corresponding  electron  density  n  is  given  by 

Vy  =  9  -y/ii  he,  (10) 

or 

n—,  <  1.3  X  10*  cm-*. 

The  quantity  n„.,  is  the  maximum  electron  density  in  the  Jovian 
ionosphere  consistent  “with  circularly  polarized  decameter  radiation. 
This  density  is  about  two  orders  of  magnitude  larger  than  in  the 
earth’s  ionosphere. 
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Figure  2  shows  a  speotrum  of  Component  2  which,  for  an 
ionospheric  model,  corresponds  to  an  opacity  of  approximately 
unity  at  X  =  20  cm  with  a  temperature  of  2600°K.  The  opacity 
due  to  free-free  transitions  in  the  ionosphoi'e  is 

T  =  1.1  X  10-«  T-*'*  X*  J  n*dz  (11) 

For  T  =  1  at  X  =  20  cm  we  obtain 

j  n*dz  =  i  X  10“ 

Or,  for  a  uniform  electron  density  of  n„..,  <  1.3  x  10*, 

2  ^  2.3  X  10*  km.  This  value,  about  5  times  larger  than  the  earth’s 
ionosphere,  is  quite  sensitive  to  the  adopted  cutoff  frequency  for 
decameter  radiation. 

In  general,  we  require  an  ionosphere  for  Jupiter  that  is  both 
denser  and  deeper  than  the  earth’s.  Any  complete  explanation  of 
such  a  Jovian  ionosphere  will  have  to  include  a  mechanism  for 
maintaining  such  a  large  ionosphere.  An  ionospheric  model  in 
addition  to  explaining  Component  2  also  possesses  the  features 
(and  drawbacks  lascribed  to  it  in  proposed  explanations  of  Jovian 
decameter  radiation  (see  e.  g.  **’  **). 

VI.  Summary  and  Dksidkrata 

The  reaum^  of  the  microwave  aspects  of  Jupiter’s  radiation 
given  in  Section  I  can  most  simply  be  interpreted  in  terms  of  three 
separate  mechanisms  : 

1.  The  thermal  radiation 

2.  A  non  thermal,  non  polarized  mechanism,  e.  g.  an  ionosphere 
or  iimer  radiation  belt. 

3.  Synchrotron  radiation  from  a  radiation  belt. 

Interestingly  enough,  an  extraterrestrial  observer  stud3dng  the 
earth’s  electromagnetic  spectrum  would  arrive  at  the  same  general 
conclusions  about  the  earth. 
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A  high  (compared  to  the  earth)  but  not  improbable  magnetio 
field  of  ^  50  ganaa  ia  required  to  account  fm  Component  3  radiaticm. 
The  relativiatio  eteotrona  reaponaible  for  thia  radiation  ariae  from  a 
hydromagnetio  aooeleration  of  trapped  low-velocity  electrons  at 
Jupiter.  The  solar  wind  can  supply  energy  necessary  for  the 
acceleration  and,  if  need  be,  the  necessary  number  of  initially  low 
velocity  electrons. 

The  explanation  of  Component  2  radiation  is  more  uncertain. 
If  an  ionospheric  model  is  to  be  invoked,  this  ionosphere  will  be 
denser  and  deeper  than  the  earth’s  ionosphere.  The  most  serious 
problem  here  is  the  method  of  maintaining  such  an  ionosphere. 

The  radio  study  of  Jupiter  juesents  os  with  a  valuable  tool  for 
studying  the  son,  the  interplanetary  medium,  and  the  problem  of 
radiations  belts.  To  properly  evaluate  the  interrelation  oi  these 
various  parameters,  aimultaneous  observations  at  different  fre¬ 
quencies  and  polarizations  over  a  solar  cycle  will  be  needed.  Juj^ter 
also  represents  mi  obvious  problem  for  world-wide  observations. 
Even  a  short  period  of  intensive,  round-tiie-clook  observationa 
would  be  most  valuable. 


REFERENCES 


(*)  D.  H.  IbirsaL,  W.  W.  Cosuim  and  C.  O.  LsMrLsiiP,  Ap.  J.,  tA,  177, 
1936. 

(*)  y.  RAOHAKBiSHWAir  and  J.  A.  Roamas,  Php$.  B$v.  4, 4M,  IMO. 

(■)  D.  Moanis  and  O.  L.  Bsmx,  Ob$.  of  Calif.  of  Took.  Radio  Obama 
tory.  No.  7,  1901. 

I 

(*)  A.  C.  Mn.ijnt  and  B.  L.  Gabt,  Waabiagtcm  meeting,  U.  R.  S.  I.,  1942, 
and  private  oommunioatioa. 

(*)  M.  8.  RoBMtis,  A.  J.,  June  1969  and  thia  p^>er. 

(*)  C.  H.  Matxb,  T.  P.  MoCuuouon  and  R.  M.  SzoAirmn,  Proe.  Inat.  of 
Radio  Eng.,  44, 960, 1958  { Ap.  J.,  137, 11, 1958. 

(')  J.  A.  OiOEDKAim,  L.  E.  Alsop,  C.  H.  Towns  and  C.  H.  Kstub,  A.  J., 
44,  999,  1969. 

(■)  F.  D.  Daan  and  H.  I.  Ewan,  Proo.  Inal,  of  Radio  Eng.,  44, 69, 1968. 

(*}  F.  D.  Dbaxs,  Private  wommnnioation,  1989. 


•  686 


0*)  R.  M.  SLOAVAxn  and  J.  W.  Bolaxd,  Ap.  J.,  133,  649, 1961. 

(**)  E.  F.  MoClaiv,  j.  H.  Nichols  sad  J.  A.  Wash,  Xm  OaaBcsl  Aawmbly, 
U.  R.  8. 1.,  1960  sad  privsts  oomxnuaiostkm. 

(*')  E.  E.  Efstbih,  Nature,  184,  52,  1959  sad  privste  oonmuoiostion. 

(**)  F.  D.  Dhahh  sad  H.  Hvatcm,  A.  J.,  64,  ISO,  1959,  sad  privsto  oom> 

(**)  J.  A.  Robbbxs  sad  O.  J.  Stamlbt,  FuU.  A.  8.  P.,  71,  485,  1959. 

(**)  F.  D.  Dbau  sad  H.  Hvatdh,  XIII  genarsl  Assembly,  U.  R.  8. 1.,  196C, 
sad  privste  oommunicstioa. 

(“)  O.  B.  Fiklo,  j.  Qeopkyt.  Net.,  64,  1169,  1959. 

(**)  Q.  B.  Field,  J.  OsejAys.  Bee.,  66,  1995,  1961. 

(>•)  O.  B.  Field,  J.  OeojAye.  Bee.,  65,  1661,  I960. 

(**)  G.  R.  Huodehdi  sad  M.  S.  Robeehs,  ia  prepsrstioa. 

(**)  D.  B.  Obaeo,  Boeing  SoientiSc  Lsborst cries  Doeumsnt  D!-83>0060. 
1960. 

(**)  D.  B.  Cbaho,  Boeing  Soientiflo  Lsbosstorias  Booumsnt  Dl>82-0129. 
1962. 

(■■)  H.  8.  Bbidob,  C.  Dilwobtb,  A.  Laeaeus,  E.  F.  Ltoh,  B.  Rossi  sad 
F.  SoBEBB,  Intsrastionsl  Gao£acsaee  on  Cosmio  Rsys  sad  the  Esrth 
8toRn,  Kyoto.  Ji^iaa,  1961. 

(•*)  J.  W.  Wabwiok,  AnmaUofAeNaw  York  Acad.  ojfSei.,  95,  99. 1961. 

(**)  R.  M.  Oalur,  is  Pkmete  end  SaleOilee  (ed.  O.  P.  Kuiper  sad  B.  M. 
Middlehuret),  (Chicago :  Univ.  of  diioago  Press),  p.  500, 1961. 

(**)  A.  G.  8iiith,  Soieaee,  134,  587,  1961. 


587 


59.  —  THE  RELATION  BETWEEN  JUPITER’S  DECAMETRIC 
EMISSION  AND  RADIATION  BELTS 


James  W.  WARWICK 

High  Altitude  Observatory  Boulder,  Colorado,  U.  S.  A. 

Abstract 

Dynamic  spectra  of  Jupiter’s  sporadic  radio  emission  show  that 
the  longitude  profile,  above  25  megacycles,  consists  of  two  principal 
sources,  one  early  in  longitude,  drifting  from  low  to  high  frequencies, 
and  the  other,  late  in  longitude,  drifting  from  high  to  low  frequen¬ 
cies.  This  pattern  is  virtually  permanent  in  all  spectra  obtained  over 
a  two-year  interval.  It  can  be  understood  in  terms  of  precipitation 
of  fast  (Irt  kev)  electronr  out  of  Jupiter’s  belts,  and  down  to  the 
surface  of  the  planet  along  dipole  lines  of  force.  There  the  particles 
generate  emission  essentially  at  the  electronic  gyro  frequency  in 
the  local  magnetic  held.  With  this  interpretation,  we  may  discuss 
the  location  and  strength  of  Jupiter’s  magnetic  dipole  moment. 
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60.  —  SOME  DATA  ON  THE  INTENSITY  OF  METHANE 
ABSORPTION  IN  THE  ATMOSPHERE  OF  JUPITER 


V.  G.  TEIFEL 

AMrophyaieal  Institute  of  the  Academy  of  Sciences, 

KaiSSJt  AhiM-Ata,  USSR 

Observations  of  the  intensity  of  the  absorption  band  CH46I9O  A 
were  carried  out  by  the  author  in  1958-1960  at  Alma-Ata.  The 
purpose  of  these  observations  wt..s  i  <  study  the  possible  changes  of 
the  intensity  of  the  band  as  a  fi  >ct  on  of  time  and  position  on  the 
disk  of  the  planet. 

The  spectrum  of  Jupiter  w'as  photographed  by  different 
methods.  In  1958  the  slit  of  the  spectrograph  was  set  along  the 
equator,  along  the  central  meridian  and  along  N-tropical  band  of 
a  magnified  image  of  Jupiter.  The  distribution  of  intensity  on  the 
disk,  along  these  directions,  in  the  CH  46 190  A  and  5430  A  bands 
of  ubsoqition  was  investigated  on  the  spectrograms. 

The  entrance  slit  of  the  microphotometer  cuts  out  on  the  nega¬ 
tives  regions  of  the  sj»ectrum  corret  /onding  to  a  width  of  about 
36  A  at  A  6200  A  and  of  about  29.5  A  at  >.  5400  A.  The  measure¬ 
ments  of  75  spectrograms  showed  that  the  distribution  of  intensity 
along  the  equator  of  Jupiter  was  in  accordance  with  the  value 
q  0.79  (‘)  of  the  coefficient  of  limb  darkening.  The  observed 
distribution  proved  to  be  near  the  theoretical  one  for  the  value  of 

the  parameter  X  =  -  -  0.97  (*  —  the  coefficient  of  true 

a  +  X 

absorption,  0  —  the  coefficient  of  scattering  in  the  atmosphere  of 
Jupiter  (’)).  The  distribution  of  intensity  over  the  disk,  within  the 
absorption  band,  turned  out  to  be  completely  identical  with  that  in 
the  adjacent  regions  of  the  continuous  spectrum.  This  shows  that 
the  intensity  of  the  methane  absorption  band  remains  constant  in 
any  regions  of  the  planet  disk.  In  N-tropical  band  the  intensity  of 
methane  absorption  does  not  practically  differ  from  that  in  the 
equator.  This  shows  an  equality  of  heights  of  the  upper  boundary 
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of  the  cloud  layer  both  in  dark  and  bright  zones  of  the  visible  sur¬ 
face  of  Jupiter. 

These  results  are  in  agreement  with  the  previous  works  of 
N.  T.  BobrovnikofF  (*),  D.  I.  Eropkin  (*),  V.  M.  Slipher  (*)  and 
S.  L.  Hess  (•). 

S.  L.  Hess  had  found  from  30  speotrograms  of  Jupiter  that  the 
greatest  difference  of  intensity  of  methane  absorption  firom  the 
equatorial  zone  occurs  near  30**  latitude.  This  difference  equals  — 
4  A  in  the  units  of  the  equivalent  widths  of  the  CH4  6190  A  band. 

Our  observations  (carried  out  in  1969)  of  the  spectra  of  different 
latitude  zones  of  Jupiter  from  200  spectrograms  showed  that  the 
difference  in  the  equivalent  widths  of  the  CH4  6190  A  band  frn: 

equatorial  and  temperate  planet  zone  is  negligible  (table  I). 

4 

Tabu  I 


Zone 

Wt 

1  0,4 

i  »» 

1  0|( 

± 

± 

EZ 

18.4 

1.7 

0.210 

0.016 

NTZ 

18.0 

1.8 

0.202 

0.017 

STZ 

18.1 

1.8 

0.206 

1  0.017 

In  this  table  W»  is  the  mean  value  of  the  equivalent  width, 
Ow  is  the  mean  quadratic  error  of  the  determination  of  W»,  R»  is 
the  depth  of  the  absorption  band,  oj^  is  the  mean  quadratic  error 
of  the  determination  of  R». 

Thus,  these  observations  confirm  the  constancy  of  the  methane 
absorption  band  intensity  in  different  points  of  Jupiter’s  disk. 
One  of  the  possible  explanations  of  this  phenomenon  may  be  the 
following  ;  the  observed  intensity  of  methane  absorption  band 
depends  on  two  factors  :  a)  the  absorption  in  the  pure  gaseous  layer 
of  the  ataiosphere  lying  over  the  cloud  layer  and  b)  the  reduced 
albedo^of  the  cloud  layer  in  the  absorption  band  due  to  the  decrease 
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of  the  value  of  the  parameter  X  as  a  result  of  the  inornase  of  tnu 
methane  absmption.  The  aba(»ption  in  the  pure  gaseous  layer 
grows  towards  the  edge  of  the  planet  disk.  The  second  {«Mrt<or  works 
in  the  opposite  direction  because  the  smaller  darkness  towards  the 
edge  is  observed  at  the  smaller  values  of  the  parameter  X  C). 

At  a  certain  optical  thickness  of  the  true  gaseous  layer  in  the 
methane  band  (at  the  center  of  the  =  0.05)  these  two  factors 
can  compensate  each  other,  and  the  observed  intensity  of  the 
CH4  6190  A  band  will  remain  constant  at  the  transition  from  the 
center  towards  the  edge  of  the  disk.  The  optical  thickness  of  the 
pure  gaseous  layer  is  very  small :  from  0.0069  at  X  4000  A  to  0.0009 
at  X  6500  A,  if  we  proceed  from  the  composition  of  the  atmosphere  of 
Jupiter  according  to  the  model  «  b »  suggested  by  G.  P.  Kuiper  (*). 
The  full  atmospheric  pressure  on  the  upper  boundary  of  the  cloud 
layer  is  about  0.85  —  1.00  atm. 

The  observations  carried  out  in  1959  and  1960  showed  that  the 
intensity  of  the  CH4  band  is  somewhat  changing  from  night  to 
night.  The  average  valuo  of  W»  for  the  equatorial  zone,  in  1959, 
was  18.4  A  and  in  1960,  20.4  A.  The  fluctuations  of  intensity  (with 
discount  of  possible  errors  of  measurements)  proceed  within  ±  1  A 
and  have  no  marked  correlation  with  the  solar  activity. 

If  these  fluctuations  are  real,  one  may  suggest  that  there  are 
two  reasons  for  changes  of  the  methane  absorption  with  the  passage 
of  time  on  Jupiter  :  1.  —  the  photoohemical  processes  (photo¬ 
dissociation  of  molecules  CH4)  affected  by  the -corpuscular  and 
ultraviolet  solar  radiation,  and  2  —  the  fluctuations  of  height  of  the 

—  as  •  w  ,  • 

upper  boundary  of  the  cloud  layer,  that  cause  the  changes  of  linear 
and  optical  thickness  of  the  pure  gaseous  layer  of  Jupiter’s  atmos¬ 
phere.  Some  dimness  can  appear  in  the  pure  gaseous  layer.  Its 
effect  can  be  identical  to  reason  2. 

The  c6mputations  showed  that^the  life-time  of  the  molecules 
CH4,  in  the  field  of  the  solar  radiation  at  the  distance  of  Jupiter, 
was  very  large  (of  order  10  and  more  days)  for  a  moderate  level  of 
radiation.  It  cannot  explain  the  short-time  fluctuations  of  the 
intensity  of  the  methane  absorption. 
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The  change  of  heigt  of  the  upper  boundary  of  the  cloud  layer 
is  more  likely  to  take  place.  It  e  quale  ±  2  km  for  the  above  limits  of 
the  fluctuations  of  the  equivalent  width  cf  the  band  CH4  6190  A. 

To  make  these  results  more  precise,  observations  of  the 
distribution  of  brightness  over  the  disk  of  Jupiter  in  bands  of 
CH4  and  NH4,  with  the  simultaneous  determination  of  the  equi¬ 
valent  widths  of  bands  are  to  be  made.  The  use  of  interference 
filters  and  spectrographs  of  high  dispersion  will  make  it  possible 
to  find  the  small  deflections  in  bhe  distribution  of  the  band  intensity 
over  the  disk,  due  to  the  heigb  t  of  the  upper  cloud  boundary,  that 
is  determined  by  the  values  of  "the  equivalent  widths  of  the  absorp¬ 
tion  band. 
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DISCUSSION  DE8  COMMUNICATIONS  45  k  60. 


B.  M.  Pkkk  (49).  —  As  an  Advocate  of  the «  floating  body  » theory  I  have 
always  been  worried  by  the  constancy  of  the  latitude  of  the  Bed  Spot.  T  was 
unaware  of  the  Edtvfie-Lambert  forces  and  thought  that  the  object  would  be 
resting  in  neutral  equilibrium  and  should  therefore  be  free  to  wander  at 
random  in  latitude. 

It  was  very  gratifying  to  learn  of  Dr.  Sagan’s  finding  that,  for  the  righl' 
form  of  two-phase  model,  the  equator  is  not  the  only  stable  latitude. 

R.  E.  Danielson  (49).  —  Is  it  not  possible  that  the  addition  of  magnetic 
forces  could  alter  your  result,  particularly  if  the  bulk  of  Jupiter  is  a  good 
olectrioal  conductor  T 

C.  Saoan  (49).  —  Yes,  if  the  Red  Spot  is  also  a  good  conductor,  and 
the  magnetic  linos  of  force  are  so  oriented  that  drift  in  latitude  is  constrained 
but  drift  in  longitude  is  permitted,  then  the  observed  motions  might  be 
explicable  on  these  grounds. 

A.  Dollitis  (50).  —  .4u  cours  des  demieres  anndes,  j’ai  mesur4  k  I’Obeer- 
vatoire  du  Pic  du  Midi,  avec  un  polarim^tre  k  frange  de  Lyot,  la  polarisation 
de  la  lunii^re  diflus*^  par  I’anneau  B  de  Satume. 

Les  inesures  donnent  des  r^sultats  trks  complexes.  Leur  analyse  montre 
que  Ton  pent  discriininer  dans  la  polarisation  obaer\’4e  deux  composantes 
diff^rentes.  Uno  partie  de  cette  lumikre  provient  de  la  diffusion  directs  sur  les 
CorpuHcules.  Cette  polarisation  rosto  faiblo  entre  lee  angles  de  vision  0^  et  S” 
at  pent  s'interpr^ter  coinme  pmvenant  d’un  d4pot  de  givre  ou  de  glace,  ainsi 
que  I’a  propose  le  Dr.  Kuiper. 

Vne  deuxi^ine  composante  tantut  radiale  et  tantdt  parallelo  k  la  trajec- 
toire  des  partieules  indique  nikx^ssivireinont  que  les  corpuscules  qui  consti¬ 
tuent  I’atmtMtu  doivvnt  etre  allong^  comrae  des  cigares,  4ventuellement  on 
pourrait  les  supfioser  vgalement  stri^  par  de  nombreuses  incisions  parallklee. 
U  est  difficile  de  discriminer  si  ces  corpuscules  sont  allong^  dans  le  sens  de  la 
trajectoire  ou  radialement  par  rapport  k  la  plankte.  La  premikre  position  est 
cells  qui  r^ulterait  des  chocs  et  frictions  internes  ontre  les  corpuscules  de 
I’anneau.  La  deuxifsme  correspond  k  la  position  d’4quilibre  gravitationnel 
sous  I’effet  de  I’attraction  de  la  plankte.  ,  - 

M.  S.  Bobrov  (50).  —  I  suppose  that  the  elongated  shape  of  the  particles 
of  Saturn's  rings  will  not  change  sufficiently  the  results  of  the  shadow  effect 
theory  which  is  in  very  good  agreement  with  observations. 

F.  Link  (52). — Je  voudrais  bien  souligner  ime  certaine  parentd  entre  les 
pdriodicit^s  dans  la  circulation  sur  Jupiter  et  cello  sur  la  Terre.  C’est  sans 
doute  I’activitd  solaire  par  I’interm^liaire  des  radiations  corpusculaires  ou 
dee  rayons  X  qui  controle  ce  genre  de  ph^om^nes.  En  tout  cas  avant  I’intro- 
ductiuu  de  Tiros  nous  dtions  assoz  mal  places  pour  avoir  ime  vue  d’ensemble 
sur  la  circulation  terrestre  en  oontraste  aveo  Jupiter,  ok  oes  rdsultats  peuvent 
ktie  obtenus  sans  diffloultd. 
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B.  M.  Pkbx  (54).  —  Conaidering  the  rather  large  etandard  deviations 
of  your  individual  years,  I  am  surprised  that  tho  ;.:’obable  error  of  your  com¬ 
bined  results  turns  out  to  be  so  small.  Have  you  used  Sohain’s  actual  obser¬ 
vations  to  determine  the  rotation  period  for  1961 T 

H.  J.  SiOTB  (54).  —  Yes. 

B.  If.  PxKK  (54).  —  And  your  result  is  exactly  what  Shain  would  have 
obtamed,  if  he  had  been  able  to  use  your  computer? 

H.  T  SiciTa  (54).  —  Yee. 

M.  S.  Bobrov  (68).  —  I  cannot  understand  how  the  shock  waves  caused 
in  Jupiter’s  outw  atmosphere  by  solar  corpuscular  streams  may  come  into 
it  as  close  as  3  radii  of  Jupiter.  Indeed,  for  the  Earth  the  respective  distance 
is  about  7  Esuth  radiL  In  the  case  of  Jupiter  we  have  a  weaker  energy  of 
solar  corpuscular  stream  and  may  expect  a  stronger  magnetic  field  of  the 
planet.  Thus,  the  distance  must  be  sufficiently  greater. 

M.  S.  Bobxbub  (58).  —  The  radius  of  the  Jovian  belt  was  fixed  by  the 
interferometric  measures  of  Jupiter  made  by  the  California  Institute  of 
Technology  group.  Tb  magnetosphMe  is  larger ;  the  above  radius  refers 
only  to  the  belt,  not  the  entire  magnetoq>here. 
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GENERAL  CONCLUSIONS 


M.  aCINNAERT 

Siamnwiekt  «  Sonnmborgk »,  Virtekt,  Holland 

Among  the  different  branohes  of  astronomy,  Planetary  Astro¬ 
physics  during  a  long  time  developed  rather  slowly.  In  recent  years, 
however,  we  have  watched  a  real  revival  of  this  discipline,  which 
promises  to  give  in  a  brief  delay  a  wealth  of  reliable  information 
about  celestial  bodies,  similar  to  the  Earth.  This  is  due  to  the 
modem  observational  techniques,  opening  new  possibilities  of 
investigation ;  and  also  to  the  stimulus  of  Space  Research,  which 
activated  so  many  parts  of  Astronomy.  To  select  «  The  Physios  of 
the  Planets  *  as  the  subject  for  our  11***  Colloquium  was  certainly, 
an  excellent  choice. 

In  view  of  the  diversity  and  abundance  of  the  communi¬ 
cations  to  which  we  have  listened,  the  customary  final  r^mi  may 
be  of  some  use.  We  shaU  try  to  summarise  first  the  papers  of  a 
general  character,  and  then  to  give  a  synthetic  picture  of  each  of  the 
individual  planets.  I  apologize  for  many  inevitable  omissions  and 
even  errors,  but  I  hope  that  this  survey  will  in  any  case  help  us  to 
remember  some  essentials  of  what  we  heard  in  the  course  of  tiiese 
three  days. 

Let  me  then  point  out  in  the  first  place  the  importance  of 
international  eoUaboration  for  Planetary  Physios  :  Dr.  Ddlfus  told 
us  about  the  magnificent  series  of  Mars  photographs,  now  collected 
at  Mendon  and  at  the  Lowell  Observatory ;  the  cooperation  on  the 
Venus  clouds  is  gmng  on ;  there  have  been  combined  efforts  at  the 
moment  of  a  Ifercury  transit  or  of  n  white  spot  on  Saturn.  For 
special  purposes  standard  instruments  have  been  constanoted  and 
distributed  over  different  observatories.  The  precision  mapfung  of 
Mars  is  also  a  cooperative  enterprise,  in  which  many  observatories 
are  involved. 

The  theories  concerning  the  interior  of  the  planete  have  plaid 
a  relatively  small  role  in  this  colloquium.  Fortunately  we  had  an 
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excellent  introductory  survey  of  the  problems  involved.  Progress 
here  depends  to  a  great  extent  on  our  gradually  improving  know¬ 
ledge  of  the  physical  constants.  It  was  interesting  to  notice,  how 
the  transfer  of  heat  through  a  planet,  formally  treated  as  a  simple 
problem  of  conduction,  has  now  proved  much  more  complicate, 
since  the  transfer  by  radiation  and  the  effect  of  convection  currents 
are  found  to  be  of  much  greater  importance. 

The  theory  of  scattering,  applied  to  planetary  atmospheres,  is  a 
special  field  of  research,  fundamental  for  the  interpretation  of  many 
optical  observations.  We  note  that  progress  has  been  made  a.  o.  in 
the  case  of  phase  functions,  sharply  peaked  in  the  forward  direction, 
as  they  are  found  for  haze  and  clouds.  Relatively  complicate  cases 
have  been  treated,  as  e.  g.  the  transfer  of  radiation  in  stratified  and 
in  non-grey  atmospheres,  the  case  of  fluorescence  and  that  of  inter¬ 
locked  multiplet  lines. 

Wlxile  a  more  and  more  perfect  theory  is  thus  being  developed, 
alloM’ing  to  calculate  the  visible  proi)erties  of  an  atmosphere  as  a 
function  of  its  composition,  it  seems  that  the  inverse  problem  ia 
less  hopeful :  it  will  be  difficult  to  derive  the  vertical  structure  and 
elementary  proj)ertie8  of  an  atmosphere  from  macroscopic  optical 
observations. 

Let  me  also  call  attention  to  the  theoretical  paper  on  the  escape 
of  gases  from  planetary  atmospheres.  It  was  found  that  in  some 
atmosphei-es  this  escape  tak^  place  according  to  the  classical  theory 
of  Jeans  and  Spitzer,  wliile  in  other  atmospheres  it  is  limited  by  the 
diffusion  and  becomes  a  problem  of  diffusion  equilibrium. 

Instrument  s  of  the  most  refined  design  have  been  applied  to  the 
study  of  the  planets.  A  very  useful  survey  was  given  of  the  heat 
detectors ;  note  especially  the  ferro-electric  detector  (BaSr)TiO„ 
the  modified  Golay  cell,  the  cooled  Ge  bolometer.  The  electronic 
camera  allows  short  exposures  and  measurements  over  a  broad 
range  of  brightness,  while  it  has  no  threshold. 

The  numerous  papers,  devoted  to  the  individual  planets,  can 
perhaps  be  summarized  best  by  drawing  a  schematical  section  of 
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each  of  thef»  celestial  bodies,  and  by  inserting  in  this  sketch  the 
information,  given  in  the  course  of  the  colloquium.  We  abstain 
from  critical  discussions  and  have  only  added  some  question  marks, 
in  order  to  distinguish  mere  suggestions  from  direct  observational 
results.  In  setreral  oases,  discrepant  opinions  have  been  simply 
juxtaposed.  No  attempt  has  been  made  to  keep  the  right  propor¬ 
tions.  A  few  additional  and  explanatory  notes  have  been  added. 

Mercury 


/ 


Fig.  1.  —  Mercury. 

Possible  erosion  by  meteoritio  bombardment ;  formation  of  a  « tail »  by 

radiation  pressure  (T). 
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Tha  tfliiqMratara  floottwtkm  of  tho  Nrfaoe  as  a  ftmotion  of  pbaaa  baa  now 
baea  olaarly  aataUUiad  (am  w»v«a).  It  ia  yet  unoertain  wbatber  tha  tan^Mr- 


atofa  minfanum  ooooia  bafora  or  after  infarior  conjunction.  Tba  ooouireiioo 


of  ittagaiar  Tariatk»a  in  tha  radiation  ie  dubious.  Tba  atmoapboa  must 
hava  a  oonaidarabla  optioal  depth  (water  vi^urT). 

Hm  pdarhntion  dqpeode  atroog^y  on  wavelength. 
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Predsioa  mapping,  i|iming  at  0**1.  The  ooerdinates  of  the  poles  agree 
with  the  poles  of  the  satoUita  orbits. 

A  careful  speotrophotomotrio  comparison  between  the  radiation  of  the 
bright  areas  with  the  Sun  shows,  that  their  reflectivity  increases  monot<m* 
ously  with  wavelength. 

Seasonal  effects  were  studied  by  photometry  and  by  polarimetry  : 
propagation  of  darkening  waves,  alternatively  inued  from  the  two  poles 
and  propagating  with  a  speed  of  SS  km  per  terrestrial  day. 
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Fig.  4.  —  Jupiter 


An  improved  determination  of  the  oentre-limb  darkening  was  carried 
out  with  the  electronic  camera.  TVic  polarization  depends  strongly  on  wave¬ 
length. 

The  activity  varies  at  the  same  time  over  the  whole  planet ;  22  years 
cycle.  Period  of  4.5  years  in  the  thickness  of  the  X.  equatorial  belt. 

Radioemission. 


Decimeter  waves  :  a)  thermal.  ISO^K  ; 

b)  non  thermal,  non  polarized  ; 

c)  non  thermal,  polarized,  s  equator,  positively 
correlated  with  solar  activity  (phase  lag  =  4*^). 
Electrons  from  the  solar  wind,  emitting  symchroton 
radiation  in  a  radiation  belt,  accelerated  by 
magnetohydr.  waves. 

Decameter  waves  (7  MHz  —  41  MHz). 

Two  discrete  sources.  Period  III  =  9>>55'”29*37  is 
confirmed.  Emission  in  limited  cones.  Often  right- 
handed  ^>olarization  at  24  MHz.  Xo  coincidence 
with  Hx  nctix'iiy  on  the  sun.  Negative  correlation 
with  solar  ncti\  ity. 

Electrons,  emitting  cyclotron  radiation  in  surface 
magnetic  tields. 

The  hypothesis  is  put  forward,  that  the  same  electrons  which  produce 
the  decimeter  waves  come  doivn  towards  the  planet  and  then  produce 
decameter  waves. 
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Fig.  6.  —  Saturn. 

The  Doppler  effect  shows,  that  the  rotation  of  the  H,  layer  is  normal, 
while  the  CH«  layer  rotates  quicker. 

Determination  of  the  centre-limb  darkening  and  of  the  photometric 
profile  of  the  rings  with  the  electronic  camera.  Improved  photometric  theory 
of  the  rings. 

Emission  of  internal  heat,  1.6  times  as  strong  as  the  incident  solar 
radiation. 
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.The  internal  composition  k  ambiguous  ;  mainly  He,  with  H  and 
«  mud  ». 

Some  interesting  spectral  features  in  the  Uranus  spectrum 
have  not  yet  been  identified. 

Emission  of  internal  heat,  twice  as  strong  as  the  incident  solar 
radiation. 


Projects 

Photo-electric  colorimetry  of  the  planets  and  the  moon  is 
undertaken  both  by  the  Mt.  Wilson  and  by  the  Harvard  obser¬ 
vatories.  Differences  in  the  continuum  have  already  been  found. 

The  Princeton  University  intends  to  use  the  90  cm  telescope 
of  Stratoscope  II,  at  an  altitude  of  24  km,  for  photography  and 
infrared  spectroscopy  of  the  planets  ;  a  resolving  power  of  0".l  is 
expected,  image  stabiliasation  will  be  better  than  1".30. 

:  The  Stanford  University  intends  to  send  a  probe  near  one  of 
the  planets,  in  order  to  investigate  the  non-thermal  noise,  ori¬ 
ginating  in  the  outer  atmospheres  under  the  influence  of  magnetic 
fields. 

The  Berkeley  University  intends  to  observe  Mars  around 
opposition  by  means  of  a  rocket  with  an  UV  spectrograph  and  to 
look  for  water  vapour,  organic  molecules  and  minor  constituents. 

For  investigation  by  means  of  rockets  the  following  spectro¬ 
scopic  problems  are  recommended  : 
resonance  lines  of  H  and  He  ; 

molecular  lines  of  CH„  NH,  and  especially  CH,  at  high 
resolution ; 

microwave  spectra  as  a  function  of  altitude  ;  either  resonance 
lines,  or  non-reeonant  absorption,  originating  under  high 
pressure. 
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Tliui  review  of  BUgge«tion«  »nd  projocte  for  the  future  coiu  lwle* 
our 

It  is  most  iiiterestint^  to  see,  how  astronumerH  Mt»rt«i  hy  ueiim 
the  methods,  so  suooeosfuily  apfdied  in  stellar  astrophysies,  «in«l 
how  they  gradually  extended  them  to  the  planets.  Characteristic 
features,  however,  of  planetary  studies  are  the  methods  of  U»|s>- 
graphy,  of  photometry,  and  the  investigation  of  the  solid  body, 
which  had  to  be  especially  developed. 

From  the  numerous  papers,  presented  at  this  colloquium,  w* 
may  conclude  that  great  progress  has  been  achieved,  though  our 
knowledge  is  still  very  incomplete.  Let  us  set  to  work  ' 

We  cannot  conclude  our  colloquium  without  expressing  out 
most  cordial  thanks  to  Profeasor  Swings  and  his  oollahoraturs  for 
the  orgamaation  of  this  most  interesting  meeting.  This  refers  as 
well  to  the  truly  seientifie  spirit  with  whidi  they  have  selected  tin 
subject,  as  to  the  pmfect  organisation,  in  which  Mrs.  Hnsmai.- 
Crespin  certainly  had  a  great  part.  We  also  feel  grateful  to  the  dt) 
and  the  University  of  Li^,  which  provided  a  delightful  setting. 
And  we  express  the  hope  that  these  ooUoquia  will  go  on  for  many 
years,  contributing  to  the  progress  of  astrophysics  by  giving  to  the 
participants  a  rich,  up  to  date  information  and  new  inspiration 
for  future  worir. 
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